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The use of kinetically labile metal ions to template designed interactions between

organic ligands in aqueous solutions is described. This strategy is employed to target

small biological molecules using coordinatively unsaturated metalloreceptors, which

perform specific functions as a result of their association modes. Within this framework,

two distinct examples are presented. The first case involves a tridentate Zn(II) complex

with guanidinium-containing auxiliary groups that are constrained within the proximity

of the metal center. This defines a bifunctional tetracationic cleft, which promotes the

hydrolytic cleavage of a dinucleotide with cooperativity between the guanidinium groups

and the Zn(II) center. The synergistic use of guanidinium residues and a metal center is

also central to the activity of staphylococcal nuclease, which is one of the most active

known nuclease enzymes. The second example concerns the incorporation asymmetric

metal complexes into multi-component, colorimetric enantiosensors for α-amino acids.

After several unsuccessful attempts, chiral vicinal diamine-Cu(II) complexes were

identified as suitable receptors, and accurate spectrophotometric enantiomeric excess
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determinations were made for several hydrophobic α-amino acids.  This system was

extended for the construction of an enantioselective differential array sensor, which

segregates chemo- and enantiomeric variance when sensors of opposite enantiomeric

preference are included.  The modality of this analysis likely parallels that of the

mammalian gustatory response to α-amino acids, as actual amino acid taste receptor

proteins respond with opposing enantioselectivities.
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CHAPTER 1. BACKGROUND AND SIGNIFICANCE.

1.1 Overview of Aqueous Metallosupramolecular Chemistry

Supramolecular chemistry concerns the non-covalent, intramolecular bond and

governs the interaction of molecules under thermodynamic control. Abiotic molecular

recognition represents one of the key pursuits of the discipline. Reversible metal

coordination has been used as an associative interaction for the recognition of a range of

substrates, as well as for the assembly of increasingly complex nanoscopic structures. In

recent years, dramatic progress has been made in the design of artificial receptors that

target biologically relevant substrates in aqueous solutions, although the associated

thermodynamic parameters are generally complex and often require explicit

consideration of solvent-solute as well as solute-solute interactions. Because of the

reliability and versatility of coordination events, metal-containing receptors have enjoyed

increasing application in aqueous phase molecular recognition.

1.1.1 Origins and Scope of Supramolecular Chemistry

As scientists have labored to describe and manipulate matter with ever increasing

detail and precision, a central focus has been the molecule and the intramolecular,

covalent bond. The stability and kinetic inertness associated with covalent interactions

has endowed the molecule as a highly accessible starting point for the study of matter,

upon which has been built a grand paradigm of molecular chemistry. Historically,
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chemists have isolated substances, determined elemental compositions, explored physical

properties, described molecular structure and extensively delineated patterns of reactivity.

In view of the huge body of information and integrated theory that has emerged over the

last two centuries, there currently exists very little ambiguity regarding the primary

structures of organic molecules. Since the inception of organic synthesis in 1828,1 vast

libraries of organic reactions have been accumulated and many very large and complex

molecules have succumbed to total synthesis (see Figure 1.1).2 The state of the art of

organic chemistry has attained an impressive level of mastery over the covalent bond.

H2N

O

NH2

O

O

O

O

O

O

O

O
O

O O

O

H H H
H
H

H

HO

H

H

H

H
H H H

H H

Ourea

brevetoxin B

Figure 1.1. Advancement of organic synthesis. The synthesis of urea by Wolher in 1828
is widely regarded as the first synthesis of an organic molecule.1 Since that time,
syntheses of increasing complex targets have been reported. The total synthesis of
brevetoxin B was reported by Nicolaou in 1995.3

The discipline of supramolecular chemistry was introduced as “the chemistry of

molecular assemblies and of the intramolecular bond”,4 and has more succinctly been

termed “chemistry beyond the molecule”.5 While formal designation of the field was

fairly recent (within the last three decades), the underlying concepts have been



3

recognized in various forms throughout the ~ 200-year history of modern chemistry. A

number of landmark scientific achievements may be considered pertinent to

supramolecular chemistry. Fischer’s lock and key analogy,6 postulated over a century ago

to explain enzyme-substrate interactions, endures today not only in the field of

enzymology, but also as a fundamental tenet of molecular recognition. Werner’s

development of the theory of variable valence for inorganic coordination complexes7

illustrated at the turn of the 20th century the importance of well-defined arrangements of

species that extend beyond standard valences. Lehn has pointed out that the term

“Ubermoleküle” was introduced in the 1930s to describe ordered molecular aggregates

(the direct translation: “supermolecule” is now the common term for a host-guest

complex or discreet assembly).8 Pauling’s devotion of an entire chapter to hydrogen-

bonding in his classic treatise The Nature of the Chemical Bond demonstrates that

chemists have long been cognizant of supramolecular concepts even if they have not long

been the object of formal study.9

Over the last 60 or so years, advancements in several areas have fostered

increasing appreciation of the ubiquity and consequence of ordered non-covalent

interactions, which have lead to the fruition of supramolecular chemistry. Primarily, the

elucidation of physical and chemical mechanisms operative in living systems has

identified the key importance of weak, non-covalent interactions in mediating life

processes.10-14 The areas of molecular and structural biology have illuminated exquisite

archetypes of structure and function arising out of cooperative, weak interactions, which

have provided inspiration to supramolecular innovators.15,16 The concepts of biomimetic
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chemistry,15,16 artificial enzymes16 or chemzymes17 illustrate the role that increased

knowledge of molecular biology has played in laying the conceptual foundations and

further shaping of supramolecular chemistry. Secondly, the development and wide-spread

application of sophisticated analytical techniques; in particular nuclear magnetic

resonance (NMR) spectroscopy,18 X-ray crystallography,11,19 UV-vis and fluorescence

spectrophotometry and mass spectrometry20 has aided the characterization and study of

relatively fragile and kinetically labile supramolecular species (supermolecules). Mention

should also be made of the facilitating power of organic synthesis, as tremendous

advances in this field have provided access to increasingly complex abiotic structures.

Currently, supramolecular science pervades much of the frontier of molecular

research. In essence, the discipline addresses the origins of complexity and information

content of matter, which govern molecular associations through contextual non-covalent

and reversible covalent interactions.21 Such ordered aggregation is directly pertinent to a

wide variety of modern research topics, including the study and manipulation of

biochemical systems,22,23 the development of new materials with novel properties,24,25 the

design of active and selective catalysts (artificial enzymes, chemzymes),15,16 and the

creation of molecular-based machines.26 In comparison to the established fields of

molecular chemistry, the scope of supramolecular chemistry appears so wide as to

discourage even its concise definition, as well as its clear-cut distinction from some areas

of biology and physics.

Molecular recognition has been a crucial facet of supramolecular chemistry, and

likely represents its most established area.27-30 Molecular recognition describes the
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selective complexation of two species under thermodynamic control, encouraged by

spatial and electronic complementarity. The terms “host” and “guest” have been given to

associating partners with convergent and divergent binding sites, respectively; which by

analogy relates hosts to biological receptors, and guests to substrates or inhibitors.31,32 The

occurrence of multiple complementary interactions (multivalency) between a host-guest

pair encourages organization within the supramolecular complex (supermolecule), and

may be expected to impart selectivity with regard to the structure of the preferred guest

molecule. Structural preorganization of the binding sites present on the host and guest

minimizes conformational adjustments required to achieve binding geometries and

enhances complex stability, and in addition, may also determine discriminatory power.

Cram has formulated the principle of preorganization, which states that “the more highly

hosts and guests are organized for binding and low solvation prior to their complexation,

the more stable will be their complexes.”33

Molecular recognition has also been described in terms of information storage and

readout between molecular and supramolecular domains.34 At the molecular level, hosts

and guests may be thought of as encoding information within their covalent structure.

Through molecular recognition, this information is expressed at the supramolecular level

in the structure(s) and stabilities (thermodynamic and kinetic) of the supermolecules

formed. This causality represents a key step in the amplification of structural information

from the molecular scale upward. The algorithms relating molecular and supramolecular

information are contextual, as non-covalent interactions are highly dependent on

environmental factors.
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Extending a design pioneered by Hamilton,35 Claramount has recently devised a

series of simple systems based on hydrogen-bonding for the recognition of cyclic ureas in

chloroform.36,37 The molecular cleft 1.1 presents four hydrogen-bond sites arrayed in a

manner complementary to those of the annular ureas 1.2 and 1.3. The acyclic guest 1.4

adopts a bis[s-trans] conformation to accommodate intramolecular dipole alignment,38

and in doing so, disrupts the complementary hydrogen-bonding pattern and steric fit

present in 1.2 and 1.3. This leads to a remarkable preference (2 to 3 orders of magnitude

in binding constants) of host 1.1 for the cyclic guests 1.2 and 1.3 over 1.4. Similar results

with slightly higher binding affinities for 1.2 and 1.3 were obtained using the more

preorganized cleft 1.5. These examples make use of steric complementarity and

preorganization of hydrogen-bonding to obtain reasonable affinities and very high

selectivity within a designed system.
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Figure 1.2. Molecular recognition of cyclic ureas by hydrogen-bonding. The molecular
clefts 1.1 and 1.5 form stable complexes with the cyclic ureas 1.2 and 1.3 through
multipoint hydrogen-bonding. The acyclic guest 1.4 preferentially exists in an bis[s-
trans] conformation and shows negligible affinities to both receptors.

This work represents one current example from a vast number of molecular

receptors that employ hydrogen-bonding in non-polar media. The selectivites and

affinities exhibited by these systems arise out of specific host-guest binding geometries

that are readily conceptualized on the basis of the covalent structures of the components

and the principles complementarity and preorganization. For example, the enforced

hydrogen-bonding patterns of 1.1 and 1.5 create clefts that specifically bind cyclic ureas

because of their bis[s-cis] conformations. This may be considered an example of

functional group recognition, in that a particular functional group is targeted. An

alternative approach, which may be thought of as shape recognition, involves the creation
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of capsular or concave hosts that contain cavities that are complementary to guests of a

particular size.30,39-41 The incorporation of specific binding interactions may play a

secondary role to that of filling the cavity with the guest. Both strategies, and hybrids of

the two have been used extensively for molecular recognition of a wide variety of guest

classes, including aromatics,29 organic ions,28,39,40 aliphatics,41,42  amino acids,43-45 and

saccharides.46

Molecular recognition often represents only a requisite first step towards some

functional application. The use of non-covalent interactions to anchor associating

partners in specific orientations has the power to alter the microenvironments of each,

which can modulate chemical and physical properties. This enables the development of a

plethora of technologies, including selective catalysts,15-17,47,48 molecular sensors,49,50

transport and separation agents,51 and molecular logic gates.52 Further, multiple

recognition events can be used in consort to effect multi-component self-assembly and

self-organization, which involves the building up of mesoscopic structures (both discreet

or infinite) from appropriately designed molecular components.53-55 Such hierarchical

structural organization represents a promising approach to the bottom-up synthesis of

nano-scale architectures, and the dynamic nature of non-covalent interactions offers

additional possibilities for adaptation and molecular evolution in such systems.

One particularly impressive accomplishment that highlights functional aspects of

molecular inclusion is the “taming” of cyclobutadiene (1.6).56  Likely due to its

antiaromatic nature, cyclobutadiene is highly unstable under standard conditions, and

rapidly dimerizes to give cyclooctatetraene (1.7) through a thermal rearrangement.



9

Cyclobutadiene has been observed spectroscopically in an argon matrix at 8 K.57 Cram

has developed a series of molecular cage compounds known as carcerands that are

capable of encapsulating small organic guest molecules,58 and was able to generate

cyclobutadiene within the cavity (inner phase) of such a structure. Receptor 1.8 is

considered a hemicarcerand41 because it is missing one of acetal linkages holding the two

resorcarene-derived halves together. This creates a sort of portal, through which at high

temperatures (~ 100 ºC), guests can enter into and exit the carcerand inner phase. The

hemicarceplex 1.8:1.9 was formed by refluxing “empty” 1.8 in a 1:3 (v:v) α-pyrone

(1.9):chlorobenzene mixture. Irradiation of the hemicarceplex 1.8:1.9  at room

temperature in degassed CDCl3 or d 8-THF with a 75 W xenon arc lamp resulted in

extrusion of CO2 and formation of incarcerated 1.6. The 1H NMR spectrum for 1.6 within

1.8 exhibits a singlet at ~ 2.3 ppm, which is about 3 ppm upfield from the expected

value59 because of the shielding effect of the inner phase of 1.8. Heating 1.8:1.6 in d8-

THF to 220 ºC for 5 min. (in a sealed tube) effected the conversion of 1.6 to 1.7,

presumably by expulsion of 1.6 from the inner phase of 1.8, followed by dimerization

and thermal rearrangement. It has been suggested that the inner phase of carcerands and

hemicarcerands should be regarded as a new phase of matter,60 in that the molecular

cavity provides a unique environment that can exist in solid, liquid and gaseous phases.
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Scheme 1.1. The taming of cyclobutadiene. When the hemicarceplex 1.8:1.7 is irradiated
with a xenon lamp, incarcerated 1.7 undergoes photocleavage to yield cyclobutadiene 1.6
and carbon dioxide. Within the cavity of 1.8, 1.6 is perfectly stable in solution at room
temperature. At elevated temperatures, 1.6 may be expelled from the cavity, at which
point it dimerizes and undergoes thermal rearrangement to give 1.9.

1.1.2 Coordination Chemistry Beyond the Molecule

The discovery of crown ethers is widely viewed as one of the most significant

single achievements in the emergence of supramolecular chemistry, not only in view of

practical utility, but also because of the conceptual advancement represented.61 As a

research chemist at Du Pont, Pedersen serendipitously made the discovery while

investigating the use of polytopic ligands as “metal deactivators” to suppress catalytic

autooxidation of petroleum products by trace transition metal impurities.62 Pedersen was
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attempting to synthesize the ligand 1.14 by the route shown in Scheme 1.2. When the

Williamson ether synthesis of 1.13 was undertaken with a mixture of 1.10 and 1.11, a

small amount of dibenzo[18]crown-6 1.12 was isolated from the crude reaction mixture

as an unknown crystalline solid.

As a preliminary analysis, Petersen subjected 1.12 to a standard UV-absorbance

test for free phenolic groups involving addition of NaOH to the substance in MeOH.

compounds containing free phenolic hydroxyl groups undergo significant bathochromic

shifts of the broad phenolic absorbance at 275 nm upon formation of the phenoxide ion,

while the spectra of ethers are unchanged. An unusual result was obtained in the case of

1.12 as the addition of NaOH elicited the appearance of a series of sharp shoulders but no

bathochromic shift. Similar results were obtained by the addition of more innocuous

sodium salts, suggesting that the effect was in response to the Na+ ion and not alkalinity.

Further, formation of Na+ complexes lead to significant increases in the solubility of 1.12

in protic solvents. Structural assignment of 1.12 illuminated the nature of the interaction

with Na+, namely that the spherical cation occupies the electron-rich cavity defined by

1.12.
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Scheme 1.2. Discovery of crown ether by Pedersen. Treatment of a mixture of 1.10 with
1.11 with the dichloroether shown under basic conditions lead to formation of 1.12 and
1.13. The crown ether 1.12 was found to form stable complexes with Na+ and K+ in
methanol.

The crown ethers are thought to represent the first class of neutral, synthetic

compounds that form stable complexes with alkali metal ions, and are particularly

remarkable in that relative affinity for ions of different size is rooted in the diameter of

the ring.63 Upon realization of the mode of interaction of 1.12 with alkali metal ions,

Pedersen synthesized a series of 60 crown ethers with cavity diameters ranging from 1.2

to 4.3 Å. Relative ion affinities were determined through biphasic extraction experiments

in which the ability of each crown ether to transport picrate salts from water to CH2Cl2

was examined.64 The size of the cavity was found to correlate with the diameter of the

preferred ion, and good selectivites for Na+ and K+ were obtained.  “Sandwich”

complexes were observed in some cases, in which two crown ethers are complexed about

a single ion. The ability of crown ethers to complex cations has been advantageous both

in terms of increasing the solubility of salts in less-polar solvents and activation of anions
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by disruption of ion pairs.65 Another important consequence of Pedersen’s work is the

influence it provided to others33,66 who went on to develop more sophisticated ligands and

receptors, delineate principles of selective intramolecular associations and to establish the

field of abiotic molecular recognition.

The recognition of alkali metal cations using crown ethers was expanded upon

through the creation of more complex polydentate ligands capable of selecting guests of

various charge and shape (Scheme 1.3). Macropolycyclic cryptands4 present three

dimensional, spheroidal cavities, which may be constructed from different types of

subunits. On the basis of spatial and electronic complementarity, cryptands have been

tuned for selectivity towards guests with spherical (metal4,67 and halide68 ions, 1.15-1.17),

tetrahedral69 (water, ammonium, 1.18), planer (guanidinium70) and linear (azide71)

geometries. In some cases, selectivities may be altered simply by changing the

protonation state of the cryptand (1.17/1.18). The highly-preorganized sphereands72 (1.19

for example) and cryptosphereands73 (1.20) also possess high affinities and selectivites

for various alkali metal ions. These systems have laid the foundation for field of abotic

molecular recognition, which has produced selective receptors for cationic, anionic and

neutral guests utilizing a variety of non-covalent interactions and experimental

conditions.
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Scheme 1.3. Cryptands and spherands: highly preorganized macrocyclic ligands.
Cryptands (1.15-1.18) present preorganized, spheriodal cavities that allow for formation
of crytpate complexes. This approach is extended through the design of spherands (1.19)
and crytpospherands (1.20). Structures of cryptate 1.15:Na+ and spheraplex 1.19:Na+

drawn from X-ray coordinates.74,75
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Metal coordination may also be used as an associative interaction for molecular

recognition. The design of coreceptors, or species containing more than one type of

binding unit within the same structure, can give rise to new types of behavior, including

allostery and cooperativity. A general application of this strategy has involved the design

of ligands that form coordinatively unsaturated complexes with metal ions, and are

capable of further binding to Lewis-basic substrates through open coordination sites.

These types of metal-containing receptors have been employed for the recognition of

many types of guests,76 and selectivity may be introduced through the incorporation of

auxiliary groups that make simultaneous contacts to the bound Lewis-base or by the

precise arrangement of several metal ions within the coreceptor.

Fabbrizzi has reported a bis-Cu(II) containing macrocycle 1.21 that undergoes

internal metal translocation in response to pH changes (Scheme 1.4).77 The translocation

event involves the reversible switching between two states in which Cu(II) ions reside in

distinct coordination environments. Above pH 10, the amide groups are deprotonated and

are coordinated to the Cu(II) ions, providing a coordinatively saturated environment,

which exhibits a d-d absorbance band centered at 515 nm. Upon lowering the pH, the

amide groups become protonated and can no longer act as metal ligands. As a result, the

Cu(II) ions shift to the bis(ortho-methylamino)pyridine sites to afford a coordinatively

unsaturated chelate with a d-d transition at 660 nm. At pH 10, this switching process can

be induced over several hours by the addition of one equivalent of imidazole, the

conjugate base of which can bridge the two metal centers in 1.21b and complete the

coordination sphere of Cu(II). This guest-induced switching with colorimetric response is
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extremely selective for imidazole-containing species (His and histamine), as the addition

of several equivalents of other potentially bridging species, including N3
-, PO4

2-, P2O7
4-,

C2O4
2-, Gly, Glu, ADP and ATP gives no response. In this case, chemoselectivity can be

attributed to the unique mechanical switching process that provides access to the “open”

(coordinatively unsaturated) form of the host; as many of these competing ions do form

complexes with 1.21b at pH 7, but only the imidazolate complex is of sufficiently

stability to drive the closed system open (1.21a → 1.21b) at pH 10.
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Scheme 1.4. Internal Cu(II) translocation accompanies guest binding by macrocyclic
coreceptor. The bis-copper(II) complex undergoes reversible pH driven switching
between two coordination states (1.21a and 1.21b). Addition of imidazole (1.22) to 1.21a
also induces switching to 1.21b accommodate bridging by 1.22.

Metal coordination has also been used extensively to direct the multi-component

self-assembly of nano- and mesoscopic architectures from molecular fragments. When

complementary binding sets associate with high spatial and electronic fidelity, the

opportunity exists for molecular programming;5 which refers to the design of molecular
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components containing binding sites specifically oriented to give rise to precise higher-

order assemblies. The analogy to information technology in this context is apt, as the

structures of the components, the binding events, and the final assemblies may be

considered input, algorithm and output, respectively in an information processing

operation. The geometric preferences, multi-valency and hard/soft characteristics of

metal ions make coordination events particularly desirable interactional algorithms for

such purposes. Appropriately designed ligands and metal ions can be mixed in particular

ratios to affect the spontaneous building up of large and structurally intricate entities

within a single operation.

Nanoscale cylindrical cage architectures have been prepared in high yields using

metal-templated multi-component self-assembly.78,79 Mixing polytopic linear and annular

bipyridyl lingands 1.23 and 1.24 with a Cu(I) salt in acetonitrile for 5 days at room

temperature results in formation of 1.25. Using the same approach with the extended

ligand 1.26, the longer structure 1.27 was prepared. The assemblies 1.25 and 1.27 involve

the spontaneous assembly of many components and have been characterized by NMR,

mass spectrometry and X-ray crystallography. Similar results are obtainable using Ag(I)

ions as the template.  The triple helical cylinders 1.25 and 1.27 contain internal,

nanometric compartments in which anions are observed in the solid state (not shown) and

which may be capable of binding other guests. Similar metal ion driven assembly

processes have been used for the construction of cages,55,80 helicates,81 nanotubes82 and

grid-type arrays.83
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Scheme 1.5. Metal ion-driven molecular assembly of nanoscale helical cylinders. In the
presence of d10 metal ions Cu(I) and Ag(I), linear and circular polytopic ligands 1.23, 1.24
and 1.26 self-assemble in acetonitrile to form 1.25 and 1.27, including view from crystal
structures.79 The assemblies 1.25 and 1.27 are approximately 2.6 and 3.3 nm in length,
respectively.
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1.1.3 Applications in Aqueous Media

Among the most consequential aspects of supramolecular chemistry is its relation

to frontiers in biochemistry and molecular biology.84 The exquisite and often mysterious

functional and structural characteristics of living systems do not arise from covalent

structure alone, but rely also on complex supramolecular phenomenon. Through the

confluence of non-covalent and reversible covalent interactions, biopolymers assume

precisely folded conformations85 and molecular subunits undergo multi-component

assembly to constitute nano- and microscale biological machinery.14 The essential

functions that sustain biological networks (i.e. catalysis, recognition, transport, signaling)

owe their high efficiency and specificity to mediation by non-covalent interactions. The

establishment of control of the intramolecular aggregation of organic species in water

holds great promise with regard to understanding, mimicking and manipulating biological

systems at the most fundamental levels.

A detailed and quantitative understanding of the supramolecular factors

underlying structural biology and biochemistry is greatly obscured by the competitive

solvating properties of water.86,87 In non-competitive solvents, it is a more straightforward

task to design systems for molecular recognition and higher supramolecular functions

through specific non-covalent interactions, because  to a reasonable extent, associating

partners may be thought of as being suspended in an amorphous medium. Under such an

approximation, recognition events can be evaluated largely in terms of enthalpic

interactions (charge-pairing, hydrogen-bonding, steric repulsion) between associating

partners, as well as any significant entropic considerations (assembly of large numbers of
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species, highly restrictive binding conformations, ect.). On the other hand, the large

dielectric constant (ε = 78) and strong hydrogen-bonding capacity of water tend to

overwhelm traditionally cited, non-covalent associative forces between organic

molecules and encourage their non-specific aggregation. For the most part, accurate

descriptions of aqueous molecular recognition events require explicit thermodynamic

consideration of associated solvent molecules (solvation spheres) as well as the

associating partners.

As a solvent, water is considered unique because of its strong cohesiveness, which

reflects high polarity and hydrogen-bonding capacity.88,89 The structure of water can be

approximated with a four-point tetrahedral charge model, in which each molecule is

capable of hydrogen-bonding to four others within an extended network (Figure 1.3).

This arrangement is in fact observed in the X-ray crystal structure90 of the common form

of ice (hexagonal ice I), which gives rise to a porous three-dimensional array that is

anomalously less dense than liquid water. The rigorous description of liquid water

continues to present theoretical challenges, although it is widely appreciated that its

structure is considerably “ice-like”, in that it exhibits a high degree order in which each

water molecule is hydrogen-bonded to roughly three others on average.91
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Figure 1.3. Self-complementary hydrogen-bonding capability of water. A. The
molecular structure of water can be approximated through a tetrahedral four-point
electronic charge model. B. Structure of ice I drawn from X-ray coordinates, in which
each water molecule is hydrogen-bonded to four others within a hexagonal network.90

The structure of liquid water is thought to be ice-like, in that significant three-
dimensional order is retained.

A major factor driving the association of organic species in water arises from the

large affinity of water for itself relative to hydrocarbon surfaces, as opposed to intrinsic

affinities of the organic species for each other.87 Water tends to form tight solvation shells

around charged functional groups and effectively saturates hydrogen-bonding sites, thus

diminishing the utility of these types of interactions for recognition. Alternatively,

hydrocarbon surfaces tend to aggregate in water in order to minimize their exposure to

solvent, which provides relatively little enthalpic stabilization and restricts the number

intersolvent hydrogen-bonding contacts. The hydrophobic effect is thought to be a

ramification of the poor solubility of hydrocarbon units in water; each methylene group

has been estimated to add ~ 1.2 kcal·mol-1 to the ΔG° for the transfer of a hydrocarbon

from the gas phase to water.92 Because organic aggregates tend to expel water, the local

δ − δ −

δ + δ +

A. B.
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environment in which the solute resides may be significantly de-solvated, providing

localized regions of lower polarity than in the bulk solution. The hydrophobic interiors of

globular proteins can exhibit effective dielectric constants nearly 20 times less than that

of water (εeff = 4, similar to Et2O).93 In such non-polar environments, electrostatic non-

covalent association modes such as hydrogen-bonding, charge-pairing and π-π

interactions become more pronounced. Because of the non-uniformity of desolvated

environments, such effects are highly contextual, which has made the general

quantification of non-covalent interactions in water a difficult problem. The non-

specificity of hydrophobic interactions, coupled with the dependence of solute-solute

interactions on local polarity presents considerable challenges to the rational

implementation of supramolecular principles in water.  Efforts to design artificial systems

that mimic biological function or perform supramolecular tasks in water,94,95 and to

elucidate the underlying thermodynamics of such processes96,97 are of great potential

reward, due to their relevance to the broad field of biological chemistry.

That the hydrophobic effect is a principle determinant in the organization of

organic molecules in aqueous solution is evident from an examination of biological

architectures. Prior to the advent of X-ray protein structure determination, it was

postulated that protein chains should fold in such a way that best segregates hydrophobic

and hydrophilic residues.94 Experimental evidence has shown this prediction to be

essentially correct, as the burying of hydrophobic residues within the protein interior is

currently considered to be a general tenet of protein folding.99 Figure 1.4 illustrates this

principle in the case of sperm whale myoglobin, which was the first protein structure to
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be determined by X-ray crystallography.11,19 In Figure 1.4, the hydrophilic residues are

colored blue and the hydrophobic residues are yellow. It can be seen from the cartoon and

surface views of the protein, that the observed conformation minimizes surface exposure

of hydrophobic side chains and presents charged or hydrophilic groups on the surface.

 Figure 1.4.  Folding of sperm whale myoglobin minimizes surface exposure of
hydrophobic residues. Structure drawn from X-ray coordinates100 and shown in both
surface and cartoon formats. Hydrophobic residues (Ala, Phe, Leu, Val, Ile, Pro, Thr) are
rendered yellow and all other residues are rendered blue.

The advancement of supramolecular chemistry in water has been the subject of

much recent effort.  In particular, the design of artificial receptors for biologically

important guest molecules has been actively investigated.43-45,77,101-103 Such systems are

expected to provide insight into biological recognition events and may find medical

applications, but in light of the discussion presented above, are subject to limitations in
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terms of the types of binding events which may be used as primary associative

interactions.

Schmuck has reported a class of 2-(acylguanidino)pyrole receptors that bind

carboxylates in water through hydrogen-bonding and charge-pairing interactions with

association constants of 103 M-1.44 The enhanced acidity of the acylguanidinium (pKa ~

8.3) ion is thought to increase hydrogen-bonding strength in this case. These systems

have been extended to target α-amino acids by the introduction of a peptide substituent to

the acylguanidinium group, which may be expected to impart selectivity through

hydrophobic or steric interactions. The affinites of receptor 1.28 for Val and Ala in water

at pH 6.1 were found to be 1.75 × 103 M -1 and 1.0 × 103 M -1 respectively by UV-vis

titration. The authors propose that the selectivity is an artifact of hydrophobic clustering

of the isopropyl residue of Val with the host, and present some molecular mechanics data

in support of this interpretation.
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Scheme 1.6. Recognition of α -amino acids in water through hydrogen-
bonding/charge-pairing. At pH 6.1, L-Val binds the receptor 1.28 nearly twice as
strongly as does L-Ala. Hydrophobic effects are cited as the determinant of the observed
selectivity.

The thermodynamics of hydrophobic inclusion of arenes into aromatic

cyclophane hosts has been investigated by Dieterich.104,105 The binding of a variety of
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para-disubstituted benzene derivatives (1.30 through 1.34) into the non-polar cavities of

1.29 and 1.35 gives rise to stable complexes with association constants reaching 1.2 × 105

M-1 (for 1.29 with 1.30 see Figure 1.5). Monte-Carlo conformational searching104 of the

para-xylene complex (accounting for solvation) returned a minimized geometry for 1.35

(not shown) that is very similar to that observed for the free host in the solid state, which

suggests that the cyclophanes are preorganized for binding. Van’t Hoff analysis shows

that binding of arene guests is purely enthalpy-driven (ΔH° values ~ -10 kcal·mol-1), with

slightly unfavorable entropies (TΔS° values between -2 and -5 kcal·mol-1).  These results

are in sharp contrast to the thermodynamics associated with the “classical” hydrophobic

effect, which describes the transfer of small organic solutes from the gas phase into water

with the formation of micelles and membranes and is usually near thermoneutral and

entropically favorable.106
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Figure 1.5. Hydrophobic binding of para-disubstituted benzene derivatives by
cyclophane receptors is enthalpy-driven. Cyclophane receptors 1.29 and 1.35 bind
benzene derivatives within the non-polar cavity. Favorable binding enthalpy is explained
in terms of replacement of high-energy water-hydrocarbon interactions with lower-
energy water-water and hydrocarbon-hydrocarbon interactions. The slightly negative
binding entropies in these systems reflect a tight and constrained host-guest complex.
Receptor 1.35 drawn from X-ray coordinates.104

The enthalpically-driven “non-classical hydrophobic effect” observed for these

systems was confirmed by isothermal titration calorimetry (ITC) experiments,105 and has

also been reported for other systems involving desolvation of sizable hydrocarbon

surfaces.106 The authors propose that favorable enthalpy of binding arises from (1) the

replacement of enthalpically poor water-hydrocarbon interactions in the uncomplexed

forms of host and guest with enthalpically favorable water-water interactions, and (2) the

establishment of tight host-guest complexes exhibiting favorable London dispersion

forces between relatively polarizable aromatic surfaces. The net loss in entropy suggests
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that the entropic gain associated with solvent displacement is overwhelmed by the loss of

translational and rotational freedom upon guest binding. Chandler has commented on the

factors influencing the shift of the relative contributions of thermodynamic parameters

for hydrophobic aggregation in progressing from of small hydrocarbon solutes (ΔH° ~ 0,

TΔS° >> 0) to that of larger surfaces (ΔH° << 0, TΔS° << 0).87

Metal coordination represents a particularly reliable interaction for molecular

recognition in water because, unlike hydrogen-bonding or charge-pairing, a single metal-

ligand contact can be expected to impart reasonably high binding affinity.107 Additionally,

a variety of Lewis-basic ligands may be targeted, and the strong geometric preferences of

many transition metal ions may facilitate well-ordered binding geometries. As a

consequence, the use of coordinatively unsaturated metal complexes as receptors in water

has been widely implemented, and a range of biologically relevant substrate classes have

been targeted, including amino acids,77,108 phosphate esters,109 and saccharides.110

Anslyn has designed a series of C3-symmetric Cu(II) complexes that exhibit high

affinities and selectivities for phosphate over other anions.103,111 The triethylenetetraamine

and trimethylpyridineamine ligand sets of receptors 1.36 and 1.37 enforce trigonal

bipyramidal geometries about the metal center and present a tetrahedral array of cationic

binding sites, which complements the guest in terms of both charge and shape (Figure

1.6). Anion binding was monitored by following modulation of the d-d absorbance band

of the receptors upon guest addition in water buffered to pH 7.4. Both receptors exhibit

affinities for phosphate that are over two orders of greater than for SO4
-, Cl-, OAc-, NO3

-

and HCO3
-.
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Figure 1.6. Binding thermodynamics of phosphate to C3-symmetric Cu(II)-containing
receptors are dependent on cationic auxiliary. Receptors 1.36 and 1.37 show similar
affinities for phosphate under physiological conditions. The binding of phosphate to 1.36
is purely entropy-driven, while phosphate binding to 1.37 and 1.38 occurs with favorable
entropy and enthalpy components.

The thermodynamic parameters of phosphate binding to 1.36, 1.37 and the control

complex 1.38 were determined by ITC. The receptors 1.36 and 1.37 have similar

phosphate affinities. The binding of phosphate to 1.36 was found to be entropy-driven

(slightly endothermic), while 1.37 and 1.38 have favorable enthalpy and entropy

components. These results were interpreted in terms of tighter solvation of ammonium

ions relative to guanidinium ions, which arises because of the greater charge density and

hydrogen-bonding capacity of primary ammonium groups. The liberation of tightly held

solvent from ammonium groups upon phosphate binding is therefore more entropically

favorable than for the case of guanidinium ions, which likely accounts for the more

favorable ΔS of binding to 1.36. The slightly endothermic 1.36:phosphate interaction

implies that the heats of solvation of 1.36 and phosphate are more favorable than the

electrostatic attraction between the two. On the other hand, the weaker relative solvation

of guanidinium groups is thought to have an enthalpic cost, which makes the heats of
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solvation for 1.37 and phosphate less favorable than the electrostatic interaction between

them. This enthalpic factor compensates for the less favorable entropy of interaction and

renders the total Gibbs free energies for binding similar for the two receptors.

The preceding examples highlight some of the thermodynamic complexities

associated with molecular recognition events in water. The ideas of hydrophobic binding,

which derives (entropic and/or enthalpic) stabilization from the displacement of water

from non-polar hydrocarbon surfaces; and entropy-driven binding, which can derive

stability from the displacement of well-ordered solvation spheres surrounding well-

solvated binding sites, necessitates the extension of design criteria beyond the

consideration of only host-guest interactions. Cram’s Principle of preorganization, which

states that “the more highly hosts and guests are organized for binding and low solvation

prior to their complexation, the more stable will be their complexes.”33 may find

exception in water, as it considers minimizing entropic penalties and maximizing

enthalpic gain for host-guest interactions exclusively. In water, a high degree of solvation

prior to complexation can, in principle, favor binding from both entropy (a large number

of solvent molecules will be displaced upon bonding) and from enthalpy (weak water-

hydrocarbon interactions replaced with strong water-water interactions) standpoints.



30

1.2 Some Aspects of Coordination Chemistry

Metal coordination events are reasonably described using ligand field theory,

which considers metal-ligand interactions as being primarily ionic in nature but also takes

into account orbital overlap between filled d orbitals of the metal and the π system of the

ligand. In aqueous media, water ligates “free” metal ions to form aquo complexes, in

which water is associated to the metal within at least two (primary and secondary)

coordination spheres. The formation of complexes with other ligands is best viewed as an

exchange process in which the exogenous ligand displaces water molecules from the

primary coordination sphere of the metal. Such processes can proceed with complicated

thermodynamic parameters, and interactions between the added ligand and the rest of the

coordination shell can affect coordination preferences. In the context of aqueous metal-

based molecular recognition, Zn(II) and Cu(II) are particularly useful because they rapidly

undergo ligand exchange and form stable complexes with many ligands of interest.

1.2.1 Bonding Models in Coordination Chemistry.

A number of distinct theoretical models have been established to rationalize and

predict observed properties and bonding trends in coordination complexes. In comparison

to organic chemistry, the structural possibilities available for coordination complexes

appear greater in number. While bond strengths, geometries and valencies observed in

organic compounds are fairly consistent and relate to observed properties in predictable

way, such factors are generally more capricious in the case of metal complexes.  Wide

variations in the structures and properties of metal complexes, in addition to the subtle
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balance of ionic and covalent contributions to overall bonding arrangements, have to

some extent impeded the development of coherent bonding models for coordination

complexes similar to those for organic compounds.

The extension of valence bond theory to describe coordination complexes rests on

the assumption that metal-ligand interactions are largely covalent in nature.9,112 For the

case of an octahedral metal complex, sp3d2 hybridization of the metal center to form six

bonding orbitals may be expected. For transition metal ions with d  electron

configurations between d4 and d7, the observed occurrence of discrete high-spin and low-

spin states is readily evident from application of valence bond theory. For example,

Co(III) is d6, and according to Hund’s rule, the d electrons should occupy the five 3d

orbitals in a configuration that maximizes singly occupied orbitals. The free Co(III) ion

should therefore possess four unpaired d electrons. In order to form six coordinate bonds

with an octahedral ligand set, six empty bonding orbitals must be accessed. This is

accomplished through an electronic re-configuration in which d electrons are paired to

provide three doubly occupied, and two empty d orbitals. The two unoccupied d orbitals

are then mixed with empty 4s and 4p orbitals, to form six sp3d2 hybrids, which are

occupied by the donor ligands, creating a diamagnetic, low-spin complex (Scheme 1.7).

Alternatively, the donor ligands can occupy octahedral sp3d2 hybrid orbitals formed using

4d rather than 3d orbitals. This arrangement preserves the high-spin configuration present

in the free ion at the expense of weaker metal ligand interactions. While valence bond

theory predicts the occurrence of spin-multiplicity in transition metal complexes, it is
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unreliable in accounting for other properties and, for the most part has been supplanted

by ligand field theory.

d6 high-spin d6 low-spin

These two d orbitals 
used for hybridization

hybridization of one 4s, three 4p and two d orbitals Six empty octahedral 

sp3d2, orbitals

Scheme 1.7. Valence bond theory for the construction of empty octahedral bonding
orbitals from linear combination of atomic orbitals for d6 first-row transition metal.
The requirement of two empty d orbitals for hybridization forces the pairing of d
electrons in remaining d orbitals to give a diamagnetic, low spin complex. High spin
complexes are rationalized by using 4d orbitals for hybridization.

While valence bond theory treats coordinative interactions as essentially covalent,

crystal field theory starts with the assumption that metal-ligand bonding is primarily

ionic, and through ligand field theory, proceeds to incorporate covalent interactions in an

auxiliary role.113 The d orbitals (Figure 1.7) of a metal ion within a spherically symmetric

environment are degenerate in energy. The approach of ligands (considered as point

negative charges) toward the metal ion presents electron density in a less symmetric

manner, which raises the energy of all the d orbitals through Columbic repulsion and

breaks their degeneracy (Scheme 1.8). In particular, the d orbitals residing along the

coordinate axes (dz2 and dx2-y2) interact more strongly with the ligands and are thereby
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raised in energy to a greater extent than those that lie in between the axes (dxy dxz and dyz).

This creates two sets of degenerate d orbitals in an octahedral ligand field, which are

commonly labeled t2g and eg, respectively and are different in energy by a factor

expressed as Δo.

z

yx x y

z z

yy xx

z

yx

z

dz2 dx -y2 2 dyzdxzdxy

Figure 1.7 Spatial arrangements of the 3d orbitals. The d z2 and d x2-y2 orbitals are
considered “σ-like” as they lie along bonding axes. Correspondingly, the dxy dxz and dyz

are considered π-like, in that they present oppositely phased lobes perpendicular to
bonding axes.

It is conceptually helpful to view the energies of these two sets in terms of the

destabilization that would be observed were the ligands to exert a spherically symmetric

negatively charged field. Relative to the energy expected for the degenerate orbitals in

such a case, the t2g orbitals are stabilized and the eg orbitals are destabilized. The additive

energies of the d orbitals within an octahedral field and a hypothetical, spherically

symmetric field are equal, which implies that each of the t2g orbitals are stabilized by 0.4

Δo, and each of the eg orbitals are destabilized by 0.6 Δo, relative to a spherically

symmetric field. Alternative coordination geometries, which may be encouraged by

particular d electron configurations and/or ligand characteristics, give rise to different d

orbital splitting patterns, some of which are shown in Figure 1.8. The ligand field
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stabilization energy associated with a complex is given by the additive energies of the d

electrons residing on the metal in terms of Δo.

"free" metal ion
hypothetical spherically 
symmetric ligand field

octahedral ligand field

L:

L: :L

:L

L

L

:
:

Δo

0.6 Δo

0.4 Δo

t2g

eg

Scheme 1.8. Splitting of d orbital energies in an octahedral ligand field. Interaction of a
hypothetical, spherically symmetric ligand field raises the energy of d orbitals but does
not disrupt degeneracy. Application of an octahedral ligand field destabilizes the dz2 and
dx2-y2 (eg) orbitals to a grater extent than the dxy, dxz and dyz (t2g) orbitals.
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Figure 1.8. d orbital splitting patterns of various coordination geometries. From
reference 113, page 405.

The extent to which d orbitals are split by surrounding ligands is dependent upon

a number of features, including the nature of the metal ion, the nature of the ligands and

the coordination number and geometry of the complex. Transition metals often show

increased Δo down a column. The Irving-Williams series,114 which predicts the stability of
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complexes of divalent first row transition metal ions in the order Mn(II) < Fe(II) < Co(II)

< Ni(II) < Cu(II) > Zn(II) has been related to intrinsic metal ion ligand field stabilization

energies.115  On the basis of a large body of data, donor ligands have been arranged in

order of their ability to the to split the d-shell. The so-called spectrochemical series is

shown in Figure 1.9. The purely ionic bonding model presented thus far can be amended

to include covalent contributions by evoking concepts from molecular orbital theory,

which generally interprets greater d orbital splitting in terms of increased covalence of

the metal ligand bond. The intense d splitting ability of π-acid ligands (NO2
2-, CN-, CO)

has been rationalized on the basis of dπ-pπ interactions resulting from mixing of filled t2g

orbitals with empty π* orbitals on the ligands. Such stabilizing “back-bonding”

interactions further depress the energy of t2g orbitals and increase splitting energies.

Similarly, mixing filled π orbitals from heavy atom donors (I-, Br- S-donors) with filled

t2g orbitals results in weaker d splitting.

I- < Br- < Cl- < S-donors < F- < H2O ~ oxolate2- < acetoacetate- < NH3 < ethylenediamine
< bipyridine ~ phenanthroline < NO2

2- < CN- ~ CO

Figure 1.9. The spectrochemical series. Taken from reference 115, page 29.

1.2.2 Coordination Chemistry in Water

The coordination chemistry of metal ions in aqueous solution is an area of broad

significance, not only in view of molecular recognition and metallosupramolecular

chemistry, but also from the standpoint of bioinorganic chemistry, and because of

environmental, agricultural and industrial relevance. As discussed in section 1.1.3, water
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is a highly competitive solvent, and is therefore capable of interacting strongly with

dissolved ions through charge-diploe interactions. The transfer of metal ions from the gas

phase into water is highly exergonic, with large favorably enthalpy contributions

overwhelming unfavorable entropy values.115 The large, negative heats of solvation for

metal ions in water reflect strong ion-dipole interactions between the solvent and the

metal ion.  The entropic penalties associated with solvation arise from the formation of

ordered solvation spheres around the metal ions.

While “free” metal ions in aqueous solution are generally depicted as naked

cations floating in a structureless medium, they are more accurately thought of as

saturated coordination complexes, with discreet numbers of tightly held water ligands

directly coordinated to the metal center (primary coordination sphere). The majority of

alkali, alkali earth, transition metal and p-block metal ions hold six water molecules

within the primary coordination sphere, while some larger alkali and most lanthanide ions

hold eight or more (Scheme 1.9D). A second layer of more loosely associated water

molecules (secondary coordination sphere) interact with the primary coordination sphere

through polarization enhanced hydrogen-bonds (see Scheme 1.9). The structures of many

metal ion hydrates have been determined by X-ray diffraction, and these are thought to

roughly correlate with those existing in solution.



38

Scheme 1.9. Metal ions are tightly solvated in aqueous media. A. Metal ions in water
are coordinatively saturated by water within the primary solvation sphere (blue).
Additional water molecules in the secondary solvation sphere (green) further solvate the
aquo ions. The association of an exogenous ligand is an exchange reaction, in which
water is displaced. B. View of the aquo ion [Zn(H2O)6]2+ drawn from X-ray
coordinates.116 C. View of the aquo ion [Cu(H2O)6]2+ drawn from X-ray coordinates.117 D.
View of the aquo ion [Ho(H2O)9]3+ drawn from X-ray coordinates.

Considering metal ions in water as saturated aquo complexes, the formation of a

coordination complex with an added ligand is best viewed as an exchange process, in

which the incoming ligand displaces a water molecule from the primary coordination

sphere of the metal ion. This implies that there will be a net gain in LFSEs for complex

formation only with ligands higher in the spectrochemical series than water. One

interesting ramification of this is that for ligands lower the water of the spectrochemical
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series (F- for example), in which a LFSE deficit is created upon complex formation,

stability constants run opposite to that predicted by the Irving-Williams series, which

ranks first row transition metal ions on the basis of intrinsic susceptibility to split the d-

shell (Δo).115

A balance of steric and electronic effects controls coordination complex formation

in water. The most obvious result of this: that steric interactions between ligands

coordinated to the same metal ion can influence coordination geometry and stability, is

important but not specific to water. Another, less appreciated steric consequence that

depends on the competitive solvating properties of water has been identified by Martell

and Hancock and has been used to rationalize hard-soft acid-base (HSAB) preferences.115

“Hard” metal ions are characterized by high charge and low atomic radius [Co (III), Fe

(III), Cr(III)], and tend to prefer hard ligands, which are generally highly electronegative

and similarly possessed of high charge density [F-, anionic oxogen donors]. On the other

hand, “soft” metal ions exhibit low charge density [Au(I), Hg(II)], and prefer soft ligands,

which are less electronegative and more polarizable (I-, phosphine and thiolate donors).

These preferences have been interpreted in terms of different bonding aptitudes, in that

bonding between hard partners may be more ionic in nature and that between soft

partners more covalent. Alternatively, Martell and Hancock note that many classically

hard Lewis acids, such as Co(III), form highly covalent bonds to smaller donor atoms

(CN- for example) and suggest that much of this preference is explainable through a steric

solvation model; which may contribute along with the intrinsic abilities of metals and

ligands to form covalent bonds, to the observation of HSAB behavior in water.
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In general, ions that are small in size (considered hard) are more tightly solvated

in water. This prediction is borne out by examining thermodynamic parameters of

solvation (Mn+
(g) →  Mn+

(aq)) for some metals of varying hardness, which are shown in

Table 1.1. Harder metal ions are solvated with more favorable enthalpies and greater

entropic penalties than are soft metal ions, which leads to the interpretation that the

harder ions form tighter, more ordered solvation spheres. As discussed, the introduction

of a ligand into the primary sphere of a metal ion occurs with displacement of a water

ligand. The presence of the ligand in the complex will likely disrupt the coordination

shell within its immediate proximity, which could be expected to impart greater

destabilization to hard metal ions. Smaller (harder) ligands will fit better into the rigid

solvation matrix imposed by a hard metal ion and may even participate in favorable

(hydrogen-bonding) interactions with neighboring solvent molecules. By a similar

argument, soft metal ions may disrupt tight solvation shells important for stabilizing hard

ligands.
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Ion - ΔG (kcal⋅mol-1) - ΔH (kcal⋅mol-1) - ΔS (cal⋅deg-1⋅mol-1)
Cu(I) 136.2 151.1 42.9
Ag(I) 114.5               122.7 27.6
Mg(II)               455.5               477.4               74.3
Ca(II)               380.8               398.8               60.8
Fe(II) 456.4 480.2 79.8
Ni(II) 494.2 518.8 82.4
Cu(II) 498.7 519.7 73.9
Zn(II) 484.6 506.8 74.5
Cd(II) 430.5 449.8 60.7
Hg(II) 436.3 453.7 58.4
Pb(II) 357.8 371.9 47.4
Gd(III) 1106.0 1147.0 137.9
Fe(III) 1035.5 1073.4 127.5
Cr(III) 1037 1099.9 143.9

Table 1.1. Thermodynamic parameters of solvation for selected metal ions in water.
Values refer to the transfer of metal ion from the gas phase to water. From reference 115,
pages 5-6.
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Interaction of a hard metal with a hard ligand. B. Interaction of hard metal with soft
ligand leads to steric disruption of primary coordination sphere. C. Interaction with a soft
metal with a soft ligand. Adapted from reference 115.
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The coordination preferences of various ligand types are also influenced by the

competitive nature and structural order of water. For example, the steric hindrance of

solvation associated with amine donors increases in progressing from 1° to 3° amines,

which effectively weakens the Lewis-basicity of highly substituted amines. This trend

runs counter to the electron-releasing inductive effect of alkyl groups, which serves to

increase Lewis basicity of 3° over 1° amines. Which trend actually wins out is contextual.

The high dielectric constant of water tends to increase the relative affinities of neutral

donors over anionic donors verses less polar solvents. For ligands whose conjugate acids

have pKa values within the window accessible in water (roughly 0 – 13), relative affinities

between two ligands of different pKas may be affected by changes in pH.

In using metal coordination as an associative interaction for aqueous

supramolecular applications, it is usually desirable that the metal ion of choice (1) have

reasonably high affinities for common ligand-types, (2) be redox stable, and (3) undergo

rapid and reversibly metal-ligand exchange. Such considerations have popularized d-

block metal ions of intermediate hardness, especially Cu(II) and Zn(II) for use in metal

based receptors in water. The work presented in this thesis centers entirely on receptors

and/or catalysts that contain these metal ions, and so a brief discussion the their particular

coordination properties seems warranted.

The ions Cu(II) and Zn(II) are similar in a number of respects. Both undergo

ligand exchange in water very rapidly, with rate constants for inner sphere water

exchange on the order of 108 s-1.118 Both are considered to be of intermediate hardness,

and form stable complexes with nitrogen and oxygen donors. Of the two, Zn is slightly
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more electropositive, with Pauling electronegativity values of 1.65 and 2.00 for Zn(II)

and Cu(II), respectively. The two ions are of similar size, and both retain six-coordinate

hydrate complexes (see Scheme 1.9). Depending upon coordination number Cu(II) varies

in ionic radius from 71 to 87 pm, while Zn(II) varies between 74 and 88 pm.113  Although

Table 1.1 implicates Cu(II) as being slightly harder than Zn(II), Cu(II) is generally more

azophilic (relative to oxygen donors) than Zn(II).

The differences in coordination preferences can be traced back to different d-

electron configurations for the two ions. Zn(II) is a non-transition metal by virtue of its

completely filled d-shell, and therefore experiences no LFSEs. The observed geometries

in coordination complexes of the spherically symmetric Zn(II) ion are determined by

steric factors, with octahedral, tetrahedral, trigonal bipyramidal and square planer

complexes all fairly common. In contrast, Cu(II) exhibits a d9 configuration and is at the

top of the Irving-Williams series, which means that out of the first-row transition metals,

it tends to form the most stable complexes with a given ligand. Because the d-manifold is

missing a single electron, Six-coordinate complexes of Cu(II) tend to exhibit (Jahn-

Teller) distorted octahedral geometries. Distorting the octahedral ligand field breaks the

degeneracy within each of the t2g and eg orbital sets. Because one of the eg orbitals is

singly occupied for d9 complexes, some further LFSE can be gained by raising the energy

of the singly occupied eg orbital while lowering the energy of the doubly occupied orbital.

As a result, Cu(II) commonly assumes tetragonally distorted octahedral, square planer

and square pyramidal complexes.
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CHAPTER 2. ARTIFICIAL METALLONUCLEASES THAT EXHIBIT
COOPERATIVITY BETWEEN A ZN(II) ION AND AUXILIARY

GUANIDINIUM/AMMONIUM GROUPS.

2.1 Nucleases and Nuclease Mimics

Nuclease enzymes catalyze the hydrolysis of nucleic acids and play key roles in

the expression of genetic information. Under physiological conditions, the

phosphodiester linkages of nucleic acids are very stable and the mechanisms by which

they are hydrolyzed, both under catalysis and free in solution, are not entirely understood.

Despite standing mechanistic ambiguities, approximate catalytic principles have been

delineated, which have been employed in the design of artificial nucleases to gain

enzymological insight and to develop gene-based medical strategies.

2.1.1 Genetic Material and the Informational Hierarchy of Life

Biological systems have evolved with increasing order and complexity

(decreasing entropy),1 which exist throughout multiple organizational levels, from the

molecular to the macroscopic. At the root of this hierarchy lies information encoded by

sequences of nucleotides within polymeric deoxyribonucleic acid (DNA). The flow of

this sequential information via transcription and translation yields specific amino acid

sequences in proteins. The covalent structure of a peptide sequence is further processed

several times over by interactional algorithms2 that encompass folding and assembly
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processes to provide nano- and microscopic entities of exquisite structure and function.

Ultimately, the information-richness of this strategy derives from the contextual nature of

interactional algorithms as well as the myriad possible permutations of monomer

sequence, which together exert subtle control over the bottom-up fabrication of

mesoscopic structures from a limited set of molecular components.

While the phosphodiester and amide bonds that institute sequential information in

genetic material and proteins exhibit remarkable temporal stability, both are

thermodynamically susceptible to hydrolysis. Under physiological conditions, the

hydrolytic half-lives of peptide3 and DNA linkages4 are orders of magnitudes greater than

a human life span, although in vivo, entire proteins5 and genetic domains6 are degraded

and synthesized over periods of minutes. The kinetic stability of biopolymer linkages

endows genetic material and biological machinery with great structural integrity; but on

the other hand, the reversibility of these bonds under enzymatic catalysis allows for “

bottom-up” adaptation. By expressing different combinations of genetic sequences in

response to environmental changes,7 organisms alter their constitutional inputs (expressed

protein sequences) which are acted upon by interactional algorithms to return modified

biological function.

The genetic information prescribed within cellular life is encoded by the structure

of DNA. DNA is made up of deoxyribose units linked at the 5′ and 3′ ends by

phosphodiester bonds, with variable nitrogenous bases occupying the 1′ position.

Complementary DNA strands join together in an antiparallel fashion to form the familiar

B-double helix through Watson-Crick base pairing (Figure 2.1A).8,9 Although duplex
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DNA is structurally dynamic and has been observed in a variety of helical forms,10 the B-

helix is the dominant association mode. Duplex formation enhances physical and

chemical stability while bestowing two copies of the genetic information, which

facilitates the transfer and amplification of this information.11 In B-DNA (Figure 2.1B),12

the aromatic nucleobases stack along the interior in an orientation roughly perpendicular

to the helix axis. This arrangement desolvates the hydrophobic aromatic surfaces while

exposing anionic phosphodiester linkages about the periphery. Interstrand base-pair

complementarity is thought to arise from a combination of steric requirements and

hydrogen-bonding capacity.13 The inherent complexity of even the simplest prokaryotes

necessitates extremely long nucleotide sequences that would stretch millimeters were

they to assume linear conformations (~ 4 million base pairs encode the e. coli genome).14

The micron dimensions of the cell necessitate the folding of duplex DNA strands into

compact higher-order structures, which is accomplished by further coiling of helices into

superhelices (Figure 2.1C) through the action of topomerase enzymes.15 The supercoiling

of DNA (to form P  helical supercoils) facilitates the local unwinding of the

complementary strands relative to relaxed (non-supercoiled) DNA, which is essential for

transcription, replication and recombination.
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Figure 2.1. Organizational levels of DNA structure. A. Watson-Crick base pairing aids
the association of two complementary DNA strands. The pairing of adenine (A) with
thymine (T ) and guanine (G ) with cytosine (C) arises from hydrogen-bonding
complementarity and steric requirement imposed by the B-helix secondary structure (one
purene-derived base and one pyrimidine-derived base fill the internal cavity). B.
Structure of B-helix DNA dodecamer as determined by X-ray diffraction.12 C.
Supercoiling of a plasmid (cyclical DNA) into a compact right-handed, P-superhelix by
the action of a topomerase enzyme.

While the primary role of DNA is that of genetic information storage, the function

of polymeric ribonucleic acids (RNA) is more diverse. In general, RNA mediates genetic

expression through the transfer of information encoded within DNA to protein

sequences.16 The primary structure of RNA differs from that of DNA by the presence of a

2′-hydroxyl group on the ribose ring and by the substitution of uracil for tymine in the

base sequence (Figure 2.2A). The 2′-hydroxyl groups disrupt the stability of the B-double

helix conformation, and so the secondary structure of RNA is markedly less defined than

that of DNA.9 Consequently, RNA is often single stranded, although it can fold back on

its self through hairpin turns to form regions double helicity, yielding complex overall

structures. Additionally, double helical DNA-RNA hybrid duplexes, which are essential
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to transcriptional and regulatory processes, assume conformations resembling the less

common DNA A-helix, as shown in Figure 2.2B.9,17 Various types of RNA perform

different functions in directing the flow of information from DNA to protein. Of central

importance is messenger RNA (mRNA), which during transcription, is synthesized

complementary to a DNA template that encodes for the gene being transcribed. The

mRNA, which typically consists of ~ 1,000 repeat units, is transported to the ribosome,

where it acts as the template for translation.18 Transfer RNA (tRNA) and ribosomal RNA

play key roles in protein synthesis,19 and in eukaryotes, 60-300 nucleotide small nuclear

RNA are instrumental in the correct splicing of mRNA transcribed from discontinuous

genes.20

Figure 2.2. Structural variations between DNA and RNA. A. RNA has a 2′-hydroxyl
group which DNA lacks, and contains uracil substituted in place of thymine. B. The
structure of a double helical RNA-DNA hybrid decamer reminiscent of the structure of
A-DNA, as determined by X-ray diffraction17 (RNA strand depicted as sticks, DNA
strand depicted as wires). The 2′-hydroxyl groups of RNA sterically prohibit a B-helix-
like conformation common for DNA (Figure 2.1B).
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2.1.2 Nucleic Acid Hydrolysis Mechanisms: Nucleophilic Displacement at Phosphorus(V)

The chemical pathways of genetic expression are mediated by the cleavage and

formation of phosphodiester linkages, and the controlled application of these reactions

represents one of the most precise and direct means of affecting complex biological

networks. In the 1970s, the availability of nuclease, ligase and reverse-transcriptase

enzymes spawned recombinant DNA technologies.21 These advancements revolutionized

the field of biochemistry by facilitating the “editing” of DNA sequences, which further

illuminated the flow of genetic information. The mechanisms by which RNA and DNA

are hydrolyzed and transesterified in solution and by catalysis are not thoroughly

understood, but are of wide interest,22-27 both from the standpoint of enzymology, and for

the development of new tools for gene therapy.

The hydrolysis of nucleic acids through both uncatalyzed and enzymatic pathways

primarily occurs through nucleophilic displacement at phosphorus, as opposed to C-O

bond cleavage. Scheme 2.1A shows nucleophilic attack of water on the phosphodiester

bond of DNA to generate a fleeting trigonal bipyramidal phosphorane species, which

expels the leaving group to yield the hydrolyzed phosphoester. In contrast, the hydrolysis

of RNA occurs through a two-step displacement sequence (Scheme 2.1B). Initially, the

2′-hydroxyl group acts as a nucleophile in a cleavage-transesterification step to give a

cyclic diester. This strained bicycle is hydrolyzed in a second step to give the 3′-

phosphate monoester. Under physiological conditions, the uncatalyzed rates of both RNA

and DNA hydrolysis are too slow to be measured directly, but it is clear that the presence

of the 2′-hydroxyl group greatly enhances the susceptibility of RNA to hydrolysis. A
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variety of model studies involving activated substrates and extrapolations from studies

under more extreme conditions suggest that the proximal hydroxyl group of RNA imparts

hydrolytic rate acceleration on the order of ~ 109.4 Correspondingly, the half-life of a

DNA linkage at 25 °C and pH = 7 has been estimated at 1010 –1011 years, while that of an

RNA linkage is expected to be around 100 years.4
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Scheme 2.1. Mechanistic outline of nucleic acid hydrolysis. Nucleophilic attack at
phosphorus(V) generates fleeting trigonal bipyramidal hydroxyphosphoranes (bracketed)
as either transition states or kinetically stable intermediates. Expulsion of the leaving
group restores tetrahedral geometry about phosphorus. A. Hydrolysis of DNA involves
direct attack by an external nucleophile such as water or hydroxide. B. In the hydrolysis
of RNA, the 2′-hydroxyl group acts as the initial nucleophile in a cleavage-
transesterification step to give a cyclic phosphodiester. A subsequent hydrolysis step
expels the 2′-hydroxyl group, yielding the 3′ phosphate monoester.

In general, the mechanistic details of phosphoryl transfer reactions remain

somewhat obscure. The ambiguities regarding these processes center on the exact

sequence of steps, the protonation state and lifetime of hydroxyphosphorane species, and

the dependence of these factors on the pH, the exact nature of the substrate and the
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effects of general acids and bases and other catalyst employed. The trigonal bipyramidal

hydroxyphosphorane was first proposed by Westheimer to explain observations regarding

the hydrolysis of cyclic phosphoesters.29-32 Presumably because of ring strain,33,34 the

hydrolysis of ethylene hydrogen phosphate 2.1 is 7-9 kcal·mol-1 more exothermic, and 107

times faster, than that of the acyclic analog dimethylphosphate. When 2.1 is hydrolyzed

in 18O-enriched water, oxygen exchange to give 2.3 is observed in addition to hydrolysis

to 2.2 in a ratio of 0.2:1 (2.3:2.2, Scheme 2.2A).29 The fact that the ring strain present in

2.1 accelerates 18O incorporation as well as hydrolysis, despite the persistence of strain in

2.3, suggests that the two reactions proceed through a common intermediate in which

strain is at least partially relieved. This concept was corroborated by further studies

demonstrating that in acidic media, ring strain in methyl ethylene phosphate 2.4 enhances

the rates of both exocyclic and endocyclic cleavage (Scheme 2.2B).30-32

A transient pentavalent hydroxyphosphorane, with an ethylene glyco- ligand

spanning one axial and one equatorial position of a trigonal bipyramid, was invoked to

account for these observations.32 Attacking and departing groups are constrained to do so

from the axial positions, and the exchange of axial and equatorial sites occurs through a

Berry pseudorotation process (Scheme 2.2C). In line with synthetic model studies,35-37 the

central phosphorus atom of a phosphorane may be considered to use sp2 and pd hybrid

orbitals for equatorial and axial bonding, respectively. The formation of polar covalent

bonds encourages electron withdrawing substituents to reside at axial sites and electron

releasing substituents to favor equatorial sites. Within this framework, hydrolysis of 2.1

is thought of as arising from nucleophilic attack by water to give a phosphorane that
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directly expels the axial alcohol/alkoxide to give 2.2. Pseudorotation of this intermediate

phosphorane, followed by discharge of unlabeled water would yield the oxygen exchange

product 2.3. Similarly, endocyclic cleavage of 2.4 would occur by direct breakdown of

the initially formed phosphorane, whereas exocyclic cleavage can only follow

pseudorotation
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Scheme 2.2. Experimental evidence supporting phosphorane intermediacy. A. Oxygen
exchange of 2.1 with solvent accompanies hydrolysis at a rate accelerated by strain
imparted by the cyclic ethylene bridge. B. The hydrolysis of 2.4 is also greatly
accelerated by ring strain. The ratio of endocyclic to exocyclic cleavage of 2.4 exhibits
marked pH dependence. C. Oxygen exchange of 2.1 and exocyclic cleavage of 2.4 is
explained by Berry pseudorotation of an intermediate phosphorane, which interconverts
axial and equatorial groups.

The pH dependencies of the two processes were examined to further probe the

role of phosphoranes in phosphoester hydrolysis mechanisms. Oxygen exchange of 2.1 is

reported to occur under acidic and neutral, but not alkaline conditions.29 The pH
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dependency of the hydrolysis of 2.4 was studied in greater detail. The pH-product profile

(Figure 2.3) for hydrolysis of 2.4 shows the fraction of endocyclic cleavage to be at a

maximum (near 50%) just below pH 2, and to decrease with pH, becoming very low at

around pH 9, and then emerging again above pH 13.31

Figure 2.3. pH-product profile for the hydrolysis of 2.4. Reported in reference 31.

The data for hydrolysis of 2.4 were interpreted as outlined in Scheme 2.3.31,32 At

low pH (-1 to 4) the relevant phosphorane protonation states are assumed to be neutral

(2.6, 2.7) and protonated cationic (2.8, 2.9). In this regime, hydrolysis is thought to occur

by acid catalysis, involving decomposition of 2.8 and 2.9, respectively. The neutral

phosphoranes 2.6 and 2.7 are imagined to be quite stable and able to interconvert through

pseudorotation at a rate independent of pH. Pseudorotation is not expected for 2.8 and 2.9

because the electron-withdrawing cationic oxygens of are constrained to occupy axial

positions. Over this pH range, hydrolysis is faster in acid but pseudorotation proceeds at a

constant rate, and so little exocyclic cleavage is observed at very low pH (~ -1). As the

pH is raised to about 2, acid catalyzed hydrolysis becomes rate limiting and roughly an

equal mixture of endocyclic and exocyclic products are observed.
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 Scheme 2.3. Westheimer’s interpretation of methyl ethylene phosphate hydrolysis pH-
product profile. A. Between pH –1 annd 4, hydrolysis occurs through 2.8 and 2.9, while
2.6 and 2.7 undergo pseudorotation.  B. Between pH 4 and 11, a base catalyzed
mechanism involving 2.10 and 2.11 occurs. C. Above pH 13, 10 is deprotonated to give
12, which undergoes rapid pseudorotation so that both oxide groups may occupy
equatorial positions.
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Proceeding from pH 4 to 11 (Scheme 2.3B), the acid catalyzed reaction

decelerates while a base catalyzed mechanism, involving monoanionic phosphoranes

(2.10, 2.11) takes over. The intermediates 2.10 and 2.11 may undergo pseudorotation

while retaining the oxide substituent in an equatorial position. As with the neutral

phosphoranes 2.6 and 2.7, the rate of pseudorotation is thought to be independent of pH.

As the pH is increased, the rate of base catalyzed hydrolysis overtakes that of

pseudorotation, and endocyclic cleavage products dominate. Above pH 13, a resurgence

of exocyclic cleavage in roughly linear proportion to [OH-] is observed. This is

rationalized by invoking a dianionic phosphorane 2.12 that rapidly undergoes

pseudorotation to 2.13 in order to place both anionic groups in equatorial positions, as

shown in Scheme 2.3C.

While the kinetic significance of hydroxyphosphoranes intermediates under

certain conditions has been well established, the subtleties of the link between

protonation state and lifetime, particularly regarding dianionic phosphoranes, are by no

means clear. The recurrence of exocyclic cleavage product 2.1 at very high pH has been

disputed38,39 and subsequently defended by some of the original authors.40 An alternative

view to that originally presented describes dianionic hydroxyphosphoranes as a highly

unstable species with lifetimes akin to transition states (hundreds of femtoseconds).23

This hypothesis is particularly relevant to general-base catalyzed mechanisms of DNA

and RNA hydrolysis, as such species would be generated by general-base delivery of a

hydroxyl group. The notion that dianionic phosphoranes may be too short-lived to

undergo pseudorotation or even protonation further complicates mechanistic analyses by
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establishing an SN2-like cleavage pathway that can compete with those involving

kinetically significant phosphoranes. Applying this assumption to the hydrolysis of 2.4

suggests that exocyclic cleavage observed above pH 13 should be explained through C-O

bond cleavage.

The two phosphoester hydrolysis studies discussed above are selected for their

historical importance and illustrative value, but represent only a small fraction of the

pertinent data. Because hydroxyphosphoranes are highly transient species, examples of

direct observation are very limited41,42 and ionization constants and lifetimes are not easily

determined. The pKa values of a hydroxyphosphorane have been estimated by a number

of methods,23,31,37,43,44 but the results produced are not in reasonable accord; estimates of

the first phosphorane pKa have been reported to be as low as 6.5 and as high as 11, while

those for the second pKa range from 11.3 to 15. Consequently, detailed mechanistic

explanations such as those given above are generally equivocal. Recently, the direct

observation by X-ray diffraction of a hydroxyphosphorane intermediate within the active

site of β-phosphoglucomutase was reported,45 but the atomic assignments of this structure

have been brought into question.46 The persistence of mechanistic ambiguities regarding

phosphate hydrolysis represents a major obstacle to understanding the workings of

nuclease enzymes and to the advancement of synthetic catalysts for RNA and DNA

hydrolysis. Despite these difficulties, considerable progress continues to be made on both

fronts as the details of phosphoester reactions continue to emerge.
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2.1.3 Natural and Artificial Nucleases: Modes of Catalysis

In light of the multiple mechanisms by which phosphoesters may undergo

nucleophilic displacement reactions, the catalytic hydrolysis of nucleic acids is

multifaceted, even when inquiry is limited to reaction under physiological

conditions.24,25,27 Although under physiological conditions the involvement of cationic

phosphoranes may be of little concern, neutral diprotic, anionic monoprotic and dianionic

phosphoranes are all potentially relevant intermediates and/or transition states. In the

absence of rigorous mechanistic conception, the roles of Brønsted acids and bases as well

as electrophiles and nucleophiles in stabilizing hydrolysis pathways may be qualitatively

understood in relation to the formation and breakdown of transient phosphoranes. Such

insight can be valuable in the interpretation of enzymological data as well the

development of synthetic agents capable performing highly efficient and/or sequence

selective RNA and DNA cleavage.

Enzymatic catalysis of phosphoester hydrolysis generally requires organization of

both electrophilic and nucleophilic activation modes to effect stabilization of anionic

transition states/intermediates and controlled delivery of the nucleophile, respectively. As

a result, RNA and DNA cleavage may be subject to catalysis by both acids and bases.

The pK a values for dialkyl phosphodiesters are typically below 2,47 and so the

phosphoester bonds of RNA and DNA are completely ionized under biologically relevant

conditions. The anionic charge of a phosphodiester bond imparts hydrolytic stability by

repelling potential nucleophiles on the basis of electrostatic interactions.48 Both Brønsted
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and Lewis bases can participate in nucleophilic catalysis to overcome this barrier, either

by acting as nucleophiles directly, or by enhancing the nucleophilicity of another group

(such as the 2′-hydroxyl group of RNA) by full or partial deprotonation at the transition

state (Scheme 2.4A). Bases may also accelerate hydroxyphosphorane decomposition by

full or partial deprotonation of an equatorial phosphorane hydroxyl group, thus increasing

electron density around phosphorus and encouraging leaving group departure.
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Scheme 2.4. Catalytic modes of phosphodiester hydrolysis. A. Nucleophilic/basic
entities (:N-) enhance the nucleophilicity of H2O through deprotonation, or act as
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hydroxyphosphorane encourages leaving group departure. B. Electrophilic/acidic groups
(E-H+) activate phosphoester linkages toward nucleophilic attack by hydrogen-
bonding/proton transfer. Protonation of an axial alkyl-substituted phosphorane oxygen
allows for departure of an alcohol leaving group.

Correspondingly, acids of both the Brønsted and Lewis type may facilitate

phosphoester hydrolysis through electrophilic catalysis (Scheme 2.4B). Association of a

Lewis acid to the phosphate linkage decreases the electron density about the central
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phosphorus and hence activates it toward nucleophilic attack. Brønsted acids can function

in a similar manner through hydrogen-bonding/charge-pairing and by protonating the

developing dianionic phosphorane in consort with nucleophilic attack (general-acid

catalysis). Additionally, protonation of a phosphorane oxygen by a Brønsted acid, or

coordination to a Lewis acid, increases its preference to reside in an axial position as well

as its leaving ability.

Nuclease enzymes have the capacity to increase the rate of nucleic acid hydrolysis

by as much as 1016-fold.4,49 The mechanisms by which such enormous rate enhancements

are achieved are of major interest. To a rough approximation, the “lock and key”

analogy50 presented by Fischer well over a century ago remains a valuable metaphor by

which to understand enzymatic catalysis. While conformational plasticity may be

important in some cases;51 to a first approximation, nuclease active sites can reasonably

be thought of as rigid clefts in which functional groups are arrayed in a manner

complementary to the activated complex of the reaction being catalyzed.52 This

interpretation of transition state complementarity suggests that non-covalent recognition

forces between enzymes and substrates are responsible for rate enhancements, although it

has recently been hypothesized that covalent catalysis (general-acid/base catalysis, low

barrier hydrogen-bonding, metal coordination) must be invoked to explain the activities

of all but the least proficient enzymes.53

Bovine pancreatic ribonuclease A (RNase A) is a 13.7 kD digestive enzyme that

hydrolyzes RNA into nucleotide fragments without generating pseudorotation products.54

At pH 6 and 25 °C, RNase A has a kcat/KM ratio of 2.3 ×  106 M -1 s-1 for the
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transesterification-cleavage of the RNA dimer uridylyl(3′→5′)phosphoadenine (UpA).

The native enzyme is a single peptide chain of 129 amino acids containing four disulfide

bonds. The structure of RNase A bound to cytodine 2′-monophosphate, as determined by

X-ray diffraction is shown in Figure 2.4, along with a close-up view of the bound

nucleotide.55 Mechanistic and crystallographic data have implicated a catalytic

mechanism in which the imidazole side chains of two His residues (His-12 and His-119)

function in tandem as general-acid/base catalysts, facilitating the two-step

transesterification-hydrolysis pathway. The pKa of an imidizolium ion (7.1) is near

neutral pH,56 making it a versatile catalytic moiety capable of accessing both

nucleophilic/basic and electrophilic/acidic states.

Figure 2.4. X-Ray structure of RNase A bound to cytodine 2′-monophosphate. A. View
of the entire enzyme-substrate complex drawn from X-ray coordinates.55 The enzyme is
blue, with active site His residues represented as grey and blue sticks. The carbon atoms
of the bound nucleotide are yellow. B. View of the active site. The imidazole nitrogens of
His-12 and His-119 are 2.56 Å and 2.58 Å away from phosphate oxygens, respectively.
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A possible catalytic mechanism for RNase A, involving direct leaving group

expulsion and synchronous proton transfer is shown in Scheme 2.5. General-base

delivery of the 2′-hydroxyl group by His-12 with simultaneous leaving group protonation

by His-119 cleaves the RNA strand. The resulting cyclic phosphodiester is then

hydrolyzed by general-base delivery of water by the imidazole of His-119, with general-

acid activation by His-12 to yield the 3′-nucleoside phosphate. It has been established by

proton inventory that two protons are in fact transferred in the hydrolysis step.57

Alternatively, the mechanism may involve general-acid protonation of the phosphate

rather than the leaving group, and would therefore proceed through monoanionic

phosphorane intermediates rather than dianionic transition states (“triester mechanism”).58

The design of artificial enzymes that mimic enzyme function, is a promising area

of research, both with respect to further understanding principles of enzymatic catalysis,

and for the advancement of new synthetic methodologies and chemotherapies.59

Invariably, this strategy entails the orientation of multiple catalytic groups to make

simultaneous contacts with a bound substrate. Artificial ribonucleases capable of

affecting the rapid hydrolysis of RNA are of particular interest,60,61 both because of the

lability of RNA relative to DNA, and the potential application for antisense gene

therapies. The development of such technologies may facilitate the interception and

degradation of mRNA encoding for harmful proteins, and could be used to treat a broad

range of diseases and cancers.
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Scheme 2.5. Plausible catalytic mechanism for the hydrolysis of RNA by RNase A. A.
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Hydrolysis of the cyclic phosphodiester. Proton transfer steps are shown stepwise for
clarity.

Breslow has examined a series of bis-imidazole functionalized β-cyclodextrins

(2.14-2.16) as active site mimics of RNase A.62-64 These systems retain two imidazole

groups in close proximity to a β-cyclodextrin cavity. By virtue of its hydrophobicity, the

cyclic phosphodiester 2.17 is bound within the cyclodextrin cavity, and the imidazole

groups effect hydrolytic ring opening with nearly complete regioselectivity, to afford

2.18  and only trace amounts of 2.19.62 The model systems obey Michelis-Menten

kinetics and exhibit bell-shaped pH-rate profiles centered about pH = 6, implying general
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catalysis by one imidazole and one imidazolium group (the pKa of N-methyl-imidazolium

is ~ 6.9).65  Of the three isomers, the artificial nuclease 2.14, in which the imidazoles are

appended to adjacent glucose units rings is far more active than 2.15 and 2.16,  with a

kcat/KM ratio of 7.8 M-1s-1.63 Geometrically, 2.14 is best suited to catalyze a “triester” type

mechanism, involving protonation of the developing phosphorane by imidazolium as the

2′-hydroxyl group is general-base delivered by imidazole. This is in contrast to an in-line,

direct displacement mechanism by which the imidazolium protonates the departing

alkoxide directly as the 2′-nucleophile is general-base delivered by imidazole (Scheme

2.5). This direct-displacement mechanism is more prevalent for activated phosphoesters

with good leaving groups such as 2.17 and would be geometrically favorable for catalysts

2.15  and 2.16, because the imidazole rings are capable of spanning a transient

phosphorane and interacting with both axial groups simultaneously.
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Scheme 2.6. Cyclodextrin-based artificial ribonucleases inspired by RNase A.
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In addition to general catalytic properties of the imidazole group, the ability of the

guanidinium moiety to stabilize nucleic acid hydrolysis has been widely investigated.66 A

number of proteins utilize the guanidinium residue of Arg to affect the recognition,67

hydrolysis68 and assembly69 of genetic material, as phosphate and guanidinium ions are

complementary both in terms of charge and hydrogen-bonding capacity. The most

commonly observed guanidinium-phosphate association mode is that in which two of the

guanidinium nitrogens each donate a hydrogen-bond to different phosphate oxygens. The

three-dimensional structure of each complex ion is conducive to two-point hydrogen-

bonding (the N-N distance in a guanidinium ion is around 2.3 Å and the O-O distance in

a phosphate is roughly 2.55 Å) and so the interaction of phosphate with the guanidinium

group of Arg is thought to be more directional (enthalpy-driven) than for other cationic

amino acid residues, such as ammonium and imidazolium ions.70 The very low acidity of

the guanidinium ion (pKa of around 14) implies that it should be completely ionized over

the biological pH range, and should therefore be capable of electrophilic activation of

phosphodiester bonds through hydrogen-bonding and charge-pairing interactions. In light

of the estimated values for the second pKa of a hydroxyphosphorane (11.3-15), 23,31,37,43,44

the possibility also exists for the guanidinium ion to act as a general-acid catalyst by

protonating a dianionic phosphorane is it develops with nucleophilic attack.

A number of artificial nucleases have incorporated multiple guanidinium groups

within rigid scaffolds to provide preorganization and multi-point phosphodiester

recognition. Early work by Hamilton examined the ability of the bis-acylguanidinium

receptor 2.20 to promote the transesterification of the RNA analog 2-hydroxypropyl p-
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nitrophenylphosphate (2.21, see Figure 2.5).71 The reaction was studied in acetonitrile and

the kinetics were followed by monitoring the absorbance of p-nitrophenol at 324 nm. At

100 µM substrate, 12.5 mM lutidine and 5 mM 2.20, transesterification is ~ 115 times

faster than when the mono-acylguanidinium receptor 2.22 (10 mM) is substituted for

2.20, and nearly 300-fold faster than when no receptor is used. The receptor 2.20 also

promotes the bimolecular thiolysis of 2.23 with ethyl mercaptoacetate (2.37), albeit much

less efficiently than for intramolecular transesterification.

N N

OO

N
HH

N

H

H H
N

H

H

N
H H

H

N
O O

O
P
O

O

O OH

N

O

N
HH

N

H

H H

N
O O

O
P
O

O

N

O

O
N
O

O

O
N

O O

O

O

HS

2.20 2.21 2.22 2.23 2.24

Figure 2.5. Bis-aceylguanidinium receptor 2.20 affects hydrolysis of activated
phoshodiesters in acetonitrile.

The rate enhancements provided by 2.20 were rationalized by the authors mainly

in terms of electrophilic activation of the anionic phosphodiester linkage and charge

stabilization of a dianionic phosphorane. Because this study was carried out in

acetonitrile, which is a less efficient solvent for stabilizing charges than water (εH2O = 78;

εMeCN = 36), the pKas of pertinent functional groups may be significantly perturbed. For

example, the pKa of an acylguanidinium in water is around 8.3,72 and this value will likely

depress considerably in acetonitrile; while on the other hand, the pK a of the

phosphodiester is expected to increase from around 2. The shifts in relative acidity when

moving from water to acetonitrile could possibly lead to a specific acid mechanism in



76

which the observed rate accelerations may arise from protonation of the phosphoester by

the acylguanidinium, yielding a neutral phosphodiester that would be much more

susceptible to nucleophilic attack on the basis of electrostatic interactions.

Efforts by Anslyn expanded the scope of ribonuclease mimicry using bis-

guanidinium receptors to achieve activity under biologically relevant conditions.73 At

micromolar concentrations, receptor 2.25 was shown to catalyze the hydrolysis of a 600-

nucleotide mRNA strand in imidazole buffer at 37 °C and pH 7.4. After incubation of 32P-

labeled RNA for 24 h, the degradation was qualitatively assessed by autoradiography and

polyacrylamide gel electrophoresis. Additionally, rate enhancements of up to 20-fold (at

500 µM 2.25 were measured using an enzymological assay by which a nucleotide kinase

transfers a 32P-labeled phosphate to the 5′-hydroxyl group of the cleavage product, and

thereby allows for hydrolysis rates to be extracted from the observed scintillation counts

at different time intervals. By comparison, no rate enhancement was observed in the

presence of the control compound 2.26, implicating the importance of preorganization.

Further studies of the binding in competitive solvents (aqueous DMSO) of various

phosphoesters by 2.25 and the related receptor 2.27 yielded binding constants of ranging

from 10-103,74 which underscores the spatial and electronic complementarity present in

these systems. The structure of the complex between 2.27 and phenyl phosphate (Figure

2.6) as determined by X-ray diffraction, exhibits two bivalent guanidinium-phosphate

interactions with bifurcated hydrogen-bonding to the central phosphate oxygen.
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Figure 2.6. Bis-guanidinium clefts function as artificial ribonucleases. Receptor 2.25
affects the hydrolysis of oligomeric RNA under physiological conditions, while 2.26 does
not. X-ray crystallography shows that the related receptor 2.27 forms four hydrogen-
bonds to phenyl phosphate.

More recently, the mechanistic role of the guanidinium group in catalyzing

phosphoryl-transfer has been investigated through a proton inventory study of the model

compound 2.28.75 In essence, the proton inventory method examines the kinetic order of

deuterium-protium substitution. A linear dependence of reaction rate on the 1H:2H ratio

implies that a single proton is transferred in the rate-determining step, while a second

order dependence implies that two kinetically significant proton bonding changes are

occurring. The decomposition of 2.28 in N-methylpiperidine buffer (pH 10.4) exhibited a

two-proton inventory, while hydrolysis of 2.21 showed one-proton inventory.
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Ab Initio calculations carried out at the HF/6-31* level of theory suggest that the

guanidinium ion of 2.28 can hydrogen-bond to one of the anionic phosphate oxygens, but

not to the phenyl oxygen. This suggests a mechanism by which the guanidinium ion acts

as a general acid, protonating the phosphate along with general-base delivery of the

alkoxide nucleophile, to generate a monoanionic phosphorane. The study demonstrates

that the guanidinium ion may act as a general acid to promote phosphoester hydrolysis

and further implies that the second pKa of the intermediate phosphorane is around 14 or

higher, which supports several experimental and theoretical estimates.23,31,44
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Scheme 2.7. Hydrolysis of RNA analog containing an intramolecular guanidinium
group. Proton inventory of 2.28 shows that two protons undergo bonding changes in the
rate-determining step, and suggests general-acid catalysis by the guanidinium group.

2.1.4 Artificial Metallonucleases

As demonstrated by the preceding analysis of RNase A, catalytic hydrolysis of

nucleic acids may be achieved through proper orientation of Brønsted acids and bases

within the active site, so that multiple contacts can simultaneously be made with a bound

substrate. Additionally, many nucleases also utilize metal ions to access the broadly

defined catalytic modes delineated in Scheme 2.4. In general, enzymatic catalysis relies
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considerably on inorganic matter, as over one-third of all known enzymes contain metal

ions or utilize metal-containing cofactors.76 The concentrations of Fe, Zn, Cu and Mo in

human blood are all 1000 to 100 times greater than in seawater77 (from which life is

thought to have evolved), which accentuates the importance of these metals in life

processes. Metallonucleases most commonly retain bivalent, non-transition metal ions

such as Mg(II), Ca(II) and Zn(II) at their active sites.49,78 These ions are well suited to act

as catalytic centers because they lack ligand field stabilization energies, which means that

the nature of their bonding is entirely electrostatic. This encourages rapid ligand

exchange kinetics and allows for facile adoption of a multitude of coordination numbers

and geometries.79

Metal ions are capable of providing both electrophilic and nucleophilic assistance

to phosphodiester hydrolysis pathways.80 As electrophiles, metal ions provide direct

activation by coordination to anionic phosphodiester linkages. Depending on the ligand

environment, direct coordination of a water molecule to Zn(II) for example, can increase

its acidity up to 108-fold, which brings the pKa of the coordinated water to near 7.81  This

advances possibilities for Brønsted acid/base chemistry by water or hydroxide ions

directly bound to the metal center as well as those retained within the secondary

coordination sphere.  Further, metal-bound hydroxides may serve as active nucleophiles

by directly attacking the phosphate ester directly.

The use of metal complexes as synthetic hydrolytic cleavage agents has received

considerable attention, especially in terms of promoting nucleic acid hydrolysis.4,49,60,61,82-

84 Different strategies have been explored to harness electrophilic activation by metal
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coordination; f-block ions85-87 [particularly Ce(IV)] are well-known to promote hydrolysis,

as are multi-nuclear transition metal complexes88-90 modeled on metalloenzymes

containing multiple metal centers, such as P1 nuclease and EcoRV endonuclease.91 An

alternative approach involves the cooperative use of metal ions and organic functional

groups to organize multiple electrophilic and in some cases, nucleophilic moieties within

a single construction. Initial efforts in this area were encouraged by a report that the

simple Zn(II) and Cu(II) complexes, particularly 2.29-2.31, significantly increase the rate

of hydrolysis of poly-(A)12-18 RNA under physiological conditions.92 A number of low

molecular weight, synthetic metallonucleases have been since been reported that exhibit

synergistic relationships between a single metal center and proximal nitrogen-containing

functionalities.49 This approach mimics the prevalent enzymatic strategy of using metal

coordination in conjunction with the side chains of His, Lys and Arg to provide

electrophilic activation and/or nucleophilic delivery.
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Figure 2.8. Artificial metallonucleases incorporating Zn(II) and imidazole groups. The
complex 2.32 promotes the hydrolysis the RNA analog 2.21 about 20-fold faster than
2.46. Complexes 2.34-2.36 organize the catalytic groups about a β-cyclodextrin scaffold
to promote regioselective hydrolysis of 2.17.

Breslow has examined the cooperative action of the Zn(II) ion and imidazole

groups within multiple artificial nuclease scaffolds (Figure 2.8). The 2-thioimidazole-

containing macrocyclic Zn(II) complex 2.32 (500 µM ) was found to promote the

hydrolysis of 2.21 (190 µM) in 9:1 H2O:DMSO (buffered to pH 7, 37 °C) roughly 20

times faster than 2.33, which lacks the auxiliary functionality.93 pH-rate studies implicate
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a bifunctional mechanism for 2.32 in which the 2-thioimidazole group acts as a general

base, and the Zn(II) ion provides electrophilic activation. In a separate study relating to

the previously discussed work on the cyclodextrin-based RNase A models 2.14-2.16,

complexes 2.34-2.36 were shown to promote the hydrolytic ring-opening of 2.17.94 These

systems do not exhibit bell-shaped pH-rate profiles but instead show non-linear rate

accelerations with pH, with slight plateaus observed between pH 7-8. These observations

led the authors to propose electrophilic activation by coordination to the Zn(II) ion and

base catalysis by imidazole between pH 7-8, but direct nucleophilic attack by hydroxide

at higher pH values. Relative to unfunctionalized β-cyclodextrin, 2.34, imparts nearly

1000-fold rate enhancement, while 2.35 and 2.36 are about half as active. As previously

observed with 2.14-2.16, hydrolysis of 2.17 proceeds regioselectively, with preferential

formation of 2.18 over 2.19 (Scheme 2.6).

The effects of direct coordination sphere manipulation on the phosphoesterase

activities of simple metal complexes have been investigated by Chin. At pH 7 and 20 °C,

the dimethyl-phenanthroline Cu( II) complex 2.37  promotes the hydrolysis of

adenylyl(3′→5′)phosphoadenine (ApA) over 2 × 104 times faster than 2.30 and more than

200 times faster than 2.29.95 One explanation for the dramatic efficiency of 2.37 relative

to 2.30 is that 2.30 forms an inactive dimer with an equilibrium constant of around 1 ×

105 M-1 at neutral pH;96 but even taking this into account, 2.37 is still ~ 103-fold more

active. The remaining discrepancy is rationalized in terms of steric compression of the

Cu(II) coordination sphere in 2.37 by the methyl substituents. This effect desolvates the

Cu(II) center to some extent and, according to the authors, decreases the O-Cu-O angle,
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which may allow for chelation of the phosphodiester substrate, as opposed to

coordination of a single phosphate oxygen. It was confirmed by potentiometric pH

titration that the Cu(II) ion of 2.37 is in fact more Lewis acidic than those of 2.29 and

2.30, as the pKas of coordinated water molecules of 2.29, 2.30 and 2.37 were determined

to be 8.2, 7.8 and 7.0, respectively.
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Scheme 2.8. Artificial Ribonuclease design by manipulation of Cu(II) coordination
sphere. Substitution at the ortho-positions of phenanthroline modulates Lewis acidity,
discourages formation of inactive dimers, and can provide secondary hydrogen-bonding
interactions.

Substitution of the methyl groups with hydrogen-bond donating aniline groups

(2.38) leads to a further pK a depression of coordinated H2O (5.5) and dramatically

enhanced nuclease activity.97 Remarkably, in the presence of 2.38 (1 mM) the hydrolysis



84

of 2′,3′-cyclic adenosine monophosphate (c-AMP, 50 µM) is over 7.6 × 103 times faster

than in the presence of 2.29, and 625 times faster than when 2.37 is used. X-ray

diffraction studies (Figure 2.9) imply that the methyl groups of 2.37 sterically disrupt the

Cu(II) coordination sphere and that the aniline groups of 2.38 are capable of hydrogen-

bonding exogeneous ligands, thereby increasing the acidity of coordinated water and

activating the coordinated phosphoester linkage of c-AMP towards nucleophilic attack.

Figure 2.9. Effects of ortho-substitution of unsaturated bidentate N-donors on Cu(II)
geometry. Complex 2.30 adopts a square-planar geometry in the solid state.99 Steric
repulsion between the Cl- ligands and the ortho-methyl groups of 2.39 forces a nearly
tetrahedral arrangement, in which the Cl-Cu-Cl angle expands from 92.7° in 2.30 to
109.6° the Cu-Cl bonds shorten from 2.27 Å in 2.30 to 2.19 Å.97 The ortho-aniline groups
of 2.38 make hydrogen-bonding contacts with the Cl- ligands (3.13 Å and 3.17 Å). The
Cl-Cu-Cl bond angle and Cu-Cl distances are 96.2° and 2.23 Å respectively.97 Phenyl
groups of 2.39 omitted for clarity.
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More recently, Mareque-Rivas and Williams have demonstrated that this same

strategy of ortho-aniline pyridyl substitution also affects large activity enhancements for

the tris-(2-methylpyridyl)amine-derived Zn(II) complex 2.40.98 Using 2.21 as an RNA

analog, they report that 2.40 is about 750 times more active a catalyst than 2.41.

Interestingly, the rate enhancement provided by the three aniline groups is comparable to

that provided by the Zn(II) ion, which renders the mononuclear 2.40 more active than any

previously reported dinuclear Zn(II) artificial metallonucleases. Presumably, the origin of

this effect is the same as that responsible for the increased activity of 2.38; namely,

increased metal ion Lewis-acidity because of desolvation of the coordination sphere and

hydrogen-bonding donation to a coordinated phosphoester substrate. Because the

biologically ubiquitous Zn(II) ion is used, this system also draws closer analogy to natural

hydrolase enzymes  than those employing Cu(II) as the hydrolytic center.
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Figure 2.10. Phosphodiester hydrolysis catalyzed by Zn(II) complexes. Complex 2.40
catalyzes the transesterification of 2.21 about 750 times as rapidly as 2.41.

Studies performed by Krämer explored the concept of bifunctional artificial

nuclease design through double Lewis-acid activation by cooperative hydrogen-bonding

and metal complexation.100,101  The alkyne spacers of 2.42 provide increased concavity
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and orient the cationic dimethylammonium groups to make hydrogen-bonding contacts

with a coordinated phosphodiester substrate. In pure water, the stability constant of 2.42

is low,100 which likely reflects steric disruption of the Cu(II) coordination sphere by the

ortho-bipyridyl substituents.102 Consequently, catalytic hydrolysis of the activated RNA

analog bis-(para-nitrophenyl)phosphate 2.43 was examined in less polar media

 Figure 2.11. Ammonium-Cu(II) cooperativity in phosphodiester hydrolysis. Complex
2.42 promotes the hydrolysis of 2.43 103 times faster than does 2.44. The X-ray structure
of 2.42 complexed with phenyl phosphate exhibits a hydrogen-bond between one of the
methylammonium axillaries and the bound phosphate  (N-O distance = 2.67 Å)
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(19:1 EtOH:H2O) by UV-vis spectrophotometry. An impressive rate enhancement was

reported, as 2.42 was found to accelerate the hydrolysis of 2.43 by a factor of 4 × 107.

Metal-ammonium ion synergism was also clearly demonstrated by the fact that 2.42 is

103 times more reactive than 2.44, which lacks the dimethylammonium groups.  The X-

ray structure of 2.42 bound to phenylphosphate shows a C 2-symmetric dimer of

host:guest complexes with a square-pyramidal geometry about the Cu(II) center and one

of the bipyridyl nitrogens occupying the apical position. In the structure, a hydrogen-

bonding contact is observed between one of the ammonium auxiliaries and a non-

coordinating phosphate oxygen. The authors propose a hydrolytic mechanism in which

the substrate is doubly activated by metal coordination and hydrogen-bonding/charge-

pairing, and suggest that the attacking nucleophile may be a Cu(II) bound hydroxide.
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2.2 Design of a Staphylococcal Nuclease Mimic

Stapylococcal nuclease accelerates the hydrolysis of both RNA and DNA and is

among the most active and well-studied nucleases. The enzyme’s catalytic power rests on

cooperative interactions between a bound Ca(II) ion and various amino acid residues in

the active site. A series of low-molecular weight coordination complexes designed to

mimic key features of the active site of staphylococcal nuclease were prepared and their

abilities to promote the hydrolysis of RNA were examined. The most active of these were

subsequently found to exhibit low formation constants, which led to a comprehensive

study Zn(II) and Cu(II) affinities for the overall ligand class. The results are discussed in

terms of possible mechanisms for RNA hydrolysis promotion for the model complexes.

2.2.1 Staphylococcal Nuclease

First isolated in 1956, staphylococcal nuclease (SNase, also called micrococcal

nuclease) is a Ca(II) dependent, extracellular enzyme expressed by Staphylococcus

aureus cultures.103 SNase is an extremely active exonuclease with a reported kcat/KM ratio

of 1.5 × 107 s-1·M-1 for the hydrolysis of heat-denatured salmon sperm DNA.104,105 On the

basis of general rate enhancement factors of around 1016 for the hydrolysis of DNA and

RNA, SNase has been estimated to afford roughly 22 kcal·mol-1 worth of stabilization to

hydrolysis pathways under optimal conditions.106,107 The enzyme is a 5′ -

phosphodiesterase that catalyzes non-sequence specific cleavage of polynucleotides from

the 3′ end to afford small 3′ nucleotide products.108 The most effective simple inhibitors
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are 3′, 5′ nucleoside diphosphates such as deoxythimidine 3′,5′ bisphosphate (pdTp,

Scheme 1), although 3′ nucleotide monophosphates do not inhibit, precluding product

inhibition. Due to its remarkable activity, relatively simple structure and availability in

high purity, SNase has been the subject of a great number of enzymological

investigations seeking to correlate primary sequence with protein structure and

function.68, 108-111
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deoxythimidine 3′,5′ bisphosphate (pdTp).

SNase is a 16.8 kD globular protein comprised of a single peptide chain of 149

amino acids, with no thiol groups or disulfide linkages. The isoelectronic point of SNase

is pH = 9.6.108 At [Ca(II)] = 10 mM, the optimum pH is between 9 and 10, although at all

pH values, relatively high concentrations of Ca(II) are required for activity.108 The

replacement of the Ca(II) center with other divalent metal ions, including Mg(II), Ba(II),

Zn(II), Cd(II), Ni(II), Cu(II) and Fe(II) leads to dramatic loss of activity; only in the case
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of Sr(II) substitution is any significant catalytic activity (~ 40% under comparable

conditions) retained.112

Multiple X-ray crystal structures of SNase have been determined,113-116 including

those of the wild-type enzyme as well as ternary complexes of Ca(II) with nucleotide

diphosphate inhibitors. In 1979, Cotton reported the structure of Ca(II) complexed SNase

bound to pdTp at 1.5 Å resolution, representations of which are shown in Figure 2.12.113

The structure shows the 5′ phosphate of pdTp bound to a Ca(II) ion, which is anchored to

the protein through coordination by the carboxylate residues of Asp-19, Asp-21 and Asp-

40, and the amide carbonyl oxygen of Thr-41. A detailed view of the enzyme, the metal

center, and the nucleotide around the hydrolytic site is presented in Figure 2.12B. The

guanidinium residues of Arg-35 and Arg-87 each form two hydrogen-bonds to the 5′

phosphate as well as additional hydrogen-bonds directed away from the phosphate back

towards the rest of the enzyme (not shown). These intra-enzyme contacts are postulated

to provide structural rigidity so that the guanidinium ions are predispositioned to

hydrogen-bond with the Ca(II)-bound 5′-phosphate. The carboxylate group of Glu-43

resides within 5 Å of the metal center and the coordinated phosphate, but is not a direct

ligand of the Ca(II) ion. The authors identify within the structure a water molecule that

resides within the secondary sphere of Ca(II) hydrogen-bonded to both the carboxylate of

Glu-43 and one of the non-coordinated 5′-phosphate oxygens (not shown). The proximity

of this water molecule to the 5′-phosphate, and the fact that it is hydrogen-bonded to the

potentially basic Glu-43 carboxylate, makes it a good candidate to act as the nucleophile

through a general-base mechanism.106,113,114 Another potentially important residue is that
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of Tyr-113. The phenol of Tyr-113 lies in an orientation parallel to and about 3.7 Å

below the π-system thymine ring of pdTp, thus providing a hydrophobic environment

and potentially taking part in a slipped stack π-π interaction. The phenolic oxygen resides

in the vicinity of the 5′ phosphate oxygen (< 5 Å), suggesting that Tyr-113 could act as a

proton source; either directly or through a mediating water molecule, to stabilize the

departing 5′-alkoxide in the DNA hydrolysis mechanism.113

Site-directed mutagenesis experiments have corroborated the importance above-

mentioned residues.105-107,114,117,118 Three separate single-point mutation studies in which

Asp-21 and Asp-40 and Thr-41 were substituted with Glu, Glu and Pro, respectively,

showed decreases in Ca(II) affinity of nearly an order of magnitude (from a K = 2,200 M-1

to as low as 250 M-1), and dropped VMax values by as much as a factor of 1,500.106 Further,

X-ray diffraction analysis of the Asp-21→Glu mutant demonstrated a distinctly different

Ca(II) coordination mode.114 The removal of either of the guanidinium ions of Arg-87 or

Arg-35 has even more deleterious effects, with activity decreasing nearly 3,600-fold for

the replacement of either Arg with Gly.106 The replacement of Tyr-113 with Phe has been

reported to significantly reduce substrate affinity.117 Disruption of the positioning of the

carboxylate of Glu-43 by replacement with Asp renders SNase 1,400 times less active,

and replacement with charge neutral Ala produces a mutant that is 5,000 times less active

than the wild-type.118
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Figure 2.12. Structure of staphylococcal nuclease (SNase). Reported structure of SNase
bound to pdTp as determined by X-ray diffraction studies.113 A. Structure of the enzyme-
substrate complex in both surface and cartoon format showing pdTp (yellow) bound to a
Ca(II) ion (grey). B. Position of key residues and their interactions with pdTp within the
active site. The guanidinium ions of Arg-87 and Arg-35 each form a pair of hydrogen-
bonds to the oxygens of the 5′ phosphate, which, along with coordination to Ca(II),
provide electrophilic activation to the phosphate. The carboxylate and phenol groups of
Glu-43 and Try-113 are thought to mediate protonic rearrangement.
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Scheme 2.10 Proposed mechanistic outline for the action of staphylococcal nuclease
(SNase) derived from X-ray data and site-directed mutagenesis studies.

On the basis of X-ray diffraction and kinetic studies, a mechanistic scheme for the

action of SNase has emerged, which is shown in Scheme 2.10.106,113 The carboxylate of

Glu-43 is postulated to act as a general base that delivers the attacking hydroxide by

deprotonating the water molecule which originally bridges Glu-43 and an oxygen on the

bound phosphate. The resultant anionic phosphorane transition state or metastable

intermediate is stabilized through hydrogen-bonding and charge-pairing with Arg-35 and

Arg-87 as well as by electrostatic interaction with the Ca(II). The identity of the Brønsted

acid that protonates the departing 5′-alkoxide has not been clearly established, but on the
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basis of functional group pKas, the phenol of Tyr-113 or a water molecule are considered

to be more likely candidates than Arg-87; although significant perturbation of pKa values

in response to local environment is a familiar concept in enzymology.119 Related to the

ambiguous mechanistic details involving protonation of the 5-oxygen is the nature

(protonation state, stability and lifetime) of the pentavalent phosphorane

intermediate/transition state, which is currently not well understood.

2.2.2 Design, Synthesis and Characterization of 2,6 Di(pyrimidinyl)pyridine-Zn(II) based
Metallonuclease Mimics

The preceding analysis of SNase illustrates the importance of functional group

organization in enzymatic catalysis. The 149-unit peptide chain of SNase folds in such a

way (self-assembly) to arrange several key amino acid residues and a coordinatively

unsaturated Ca(II) ion within the active site in an orientation that facilitates multivalent

catalysis (preorganization). A key feature of the enzyme-inhibitor structure shown in

Figure 2.12B is the triple electrophilic activation of the phosphoester by hydrogen-

bonding/electrostatic interactions with Arg-35 and Arg-87, and coordination to the Ca(II)

ion. As described, the importance of these entities has been corroborated by mutagenesis

studies. In order to mimic cooperative metal coordination and guanidinium-phosphate

interactions observed in native SNase in the context of a low-molecular weight artificial

metallonuclease, Anslyn designed the 2,6 di(pyrimidinyl)pyridine-Zn(II) complex 2.45.

While several bis-guanidinium clefts had previously been constructed to mimic

cooperative interactions between Arg-35 and Arg-87 in SNase,71,73 2.45 is thought to
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represent the first use of a metal complex with guanidinium-containing auxiliaries to

promote phosphoester hydrolysis. While 2.45 was initially designed for this purpose, it

was also used as a molecular receptor selective for the amino acid Asp within a multi-

component, colorimetric sensing ensemble.120
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Scheme 2.11 Designed SNase mimic. Upon Zn(II) coordination, the ligand 2.33
undergoes a conformational shift to form 2.45, which retains two guanidinium ions in the
proximity of coordinatively unsaturated metal center. The complex 2.45 is imagined to
activate a phosphodiester substrate through metal coordination and hydrogen-bonding to
guanidinium ions, in a manner similar to that exhibited by SNase.

Chelation of a Zn(II) ion by the polyaza core of 2.46 to form 2.45 induces a

conformational change from the extended orientation of 2.46 (enforced by N-N

transoidal preferences about the biaryl bonds121,122) to the hairpin-like cleft of 2.45, in

which the guanidinium auxiliaries are retained in proximity metal center (Scheme 2.11).

This is envisioned to provide preorganization of the Zn(II) and guanidinium ions,

allowing for multi-point electrophilic activation of a phosphodiester linkage by
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simultaneous metal coordination and hydrogen-bonding, reminiscent of the SNase active

site. Additionally, the possibility exists that the guanidinium ions may function as

general-acid catalysts by protonating the developing phosphorane simultaneously with

nucleophilic attack.75 Zn(II) was used as the metal center because of its hydrolytic

activity, rapid exchange kinetics, relatively high affinity for N-donor ligands. Like Ca(II),

Zn(II) is a non-transition element and therefore lacks ligand field stabilization energies,

which allows for multiple coordination numbers and geometries.

A modular synthetic route to 2.45 was developed by Aït-Haddou on the basis of a

previously established amidine-2,6 bis-(enaminone)pyridine condensation

methodology,123 and is shown in Scheme 2.12. Aminoacetonitrile hydrochloride (2.47)

was protected as the tert-butyl carbamate (Boc) 2.48124 and the nitrile group was

subsequently converted to the amidinium 2.49 by nucleophilic addition of ammonia.125

Pyridine 2,6-dicarboxylic acid (2.50) was treated with oxalyl chloride to give the diacid

chloride 2.51, which was reacted with two equivalents of Gillman’s reagent to give 2,6

diacetylpyridine (2.52).126 Reaction of 2.52 with tert-butoxy-bis(dimethylamino)methane

(BMAM) gave the bis-enaminone 2.53.123 Condensation of 2.53 and 2.49 in sodium

ethoxide and ethanol gave the N-protected di(pyrimidinyl)pyridine compound 2.54 in

moderate yield. Removal of the carbamate protecting groups afforded the bis-ammonium

functionalized 2.55, the ammonium groups of which were converted to di-(Boc-

protected) guanidinium groups to give 2.58 by reaction with the pseudomethoxythiourea

2.57.127 Cleavage of the protecting groups under acidic conditions followed by ion
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exchange, yielded the ligand 2.46, which was heated with ZnCl2 in water and

recrystallized from methanol and water to yield the Zn(II) complex 2.45.

Scheme 2.12 Synthesis of artificial metallonuclease 2.45. Reagents and conditions: (i.)
(Boc)2O, CH2Cl2, NaHCO3(aq.) (ii.) (Boc)2O, CH2Cl2, Et3N, Δ (iii.) NH3 (g), N acetyl-L-Cys,
MeOH, 60°C (iv.) C2O2Cl2, CH2Cl2 (v.) MeLi, CuI, THF, Et2O, -80°C→-20°C→-80°C,
then add 2.51 (vi.) BMAM, DMF(cat.) 80°C (vii.) NaOEt, EtOH, 80°C (viii.) TFA,
CH2Cl2. (ix.) 2.57 CH2Cl2, Et3N, DMF (x.) TFA, CH2Cl2 (xi.) ZnCl2, H2O, 80°C, recryst.
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The recrystallization of 2.45 was found to suffer from poor reproducibility, which

prompted the development of the modified nuclease model 2.59 (Scheme 2.13). The

aliphatic cyclic guanidinium auxiliaries of 2.59 direct hydrogen-bonding towards the

interior of the cleft, which may enhance electrophilic activation of phosphoester

substrates, and may also facilitate purification by crystallization. A synthetic route to 2.59

was developed, which is outlined in Scheme 2.13.  The ammonium groups of 2.55 were

converted to cyclic guanidinium groups by reaction with 2.63128 under acidic conditions,

followed by acid-catalyzed removal of the Boc protective groups. The free ligand 2.61

was then metallated as before, affording 2.59, which readily formed large, well-ordered

crystals from aqueous methanol.
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Scheme 2.13. Synthesis of modified artificial ribonuclease 2.59. Reagents and
conditions: (i.) 2.63,  AcOH, EtOH, 60°C (ii.) TFA, CH2Cl2 (iii.) ZnCl2, H2O, 80°C,
recryst. (iv.) (Boc)2O, CH2Cl2, Et3N, 0°C.
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NH

NH2
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2.65 2.64
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i. ii.

N

NNNN

Cl Cl

ZnII+

2.66

Scheme 2.14. Synthesis of unfunctionalized 2,6 Di(pyrimidinyl)pyridine complex 2.64.
Reagents and conditions: (i.) NaOEt, EtOH, 80°C (ii.) ZnCl2, H2O, 80°C.

The importance of cooperativity between metal ion coordination and phosphate-

guanidinium interactions in the activities of 2.45 and 2.59 may be probed through

comparison with analogs in which the guanidinium axillaries are altered or not present.

Complex 2.64, which lacks auxiliary guanidinium groups, was prepared as a control by

condensation of 2.53 with aceamidine (2.65) to yield 2.66,123 followed by formation of

the Zn(II) complex as shown in Scheme 2.13. Additionally, 2.67 (Figure 2.13), in which

the guanidinium groups have been substituted for ammonium groups, is available by

metallation of the intermediate 2.55. This provides a homologous series of four artificial

metallonucleases with varying auxiliary functionality (Figure 2.13). Each of the

complexes 2.45, 2.59, 2.64 and 2.67 have alkyl substitution at the 4-positions of the

pyrimidine rings, which implies that the coordination sphere of the bound Zn(II) ion

should be somewhat stericially congested, and qualitatively similar. The functions of

these complexes towards the promotion and/or catalysis of phosphoester hydrolysis may

be expected to give insight into the role of preorganization of a metal ion and organic

nitrogen acids within enzyme active sites.
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Figure 2.13. Artificial metallonucleases with varying auxiliary functionality.

Efforts were made to determine the structures of each of the metallonuclease

mimics shown in Figure 2.13 by single-crystal X-ray diffraction.129 Crystals of 2.64

suitable for structure determination were obtained by recrystallization from CH2Cl2 and

the determined structure is shown in Figure 2.14. The complex exhibits distorted trigonal

bypyramidal geometry about the Zn(II) center. The Zn-N(8) bond length is 2.082 Å,

while the Zn-N(1) and Zn-N(14) bonds are 2.262 Å and 2.234 Å respectively. A shorter

Zn-N bond to the central pyridine nitrogen than to the nitrogens of the terminal rings has

been observed for the Zn(II) complex of 2, 2′, 6′, 2′′ terpyridine (tpy),130 although in the

present case, the disparity is more dramatic. This effect is may be rationalized in terms of

the weaker Brønsted basicity of pyrimidine131 relative to pyridine. The bond lengths to the

Zn(II) center observed in all complexes determined as well as those reported for tpy-Zn

are shown in Table 2.1. The coordination geometry does not appear to be significantly

compromised by the presence of the cationic auxiliary groups.
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Figure 2.14. Views of 2.64. In the ORTEP diagram, the displacement ellipsoids are
scaled to 50% probability.

Views of the X-ray crystal structure of 2.45 are shown in Figure 2.15. The

guanidinium auxiliaries of 2.45 make multiple hydrogen-bonding contacts to solvent

water molecules, which align to form channels of solvent that permeate the crystal. These

contacts establish an asymmetrical orientation of the guanidinium auxiliaries with respect

to the 2,6 di(pyrimidinyl)pyridine core as the positions of the auxiliaries is probably

dictated primarily by intermolecular hydrogen-

V. M. Lynch

2.64

N

NNNN

Cl Cl

ZnII
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Figure 2.15. Views and packing diagrams of 2.45. The complex crystallizes as the
ZnCl4

2- salt. In the ORTEP diagram, the displacement ellipsoids are scaled to 50%
probability. The guanidinium axillaries make hydrogen-bonding contacts to multiple
water molecules, which form channels that permeate the crystal. The view of the packing
diagram in the lower left is approximately along the a axis. The large voids are areas in
which disordered solvent resides.

H. Aït-Haddou
V. M. Lynch
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bonding. Additionally, the long-range crystal packing of 2.45 is somewhat unusual, with

large columnar voids extending along the a axis in which reside disordered solvent

molecules. X-ray quality crystals of 2.45 were not easily obtained.

The crystal structures of 2.61 and 2.59 are shown in Figures 2.16 and 2.17,

respectively. The free ligand 2.61 adopts an extended, N-N transoidal conformation in

the solid state in which the endocyclic nitrogen lone pair interactions are minimized and

the distance between the two cationic guanidinium groups is maximized. A similar solid-

state conformation has been observed for the parent 2,6 di(pyrimidin-4-yl)pyridine core

(R = H in Scheme 1).123 The structure of the complex 2.59 displays a similar metal-ligand

bond lengths and coordination geometries to those observed for 2.64 and 2.45. The

complex forms a cleft with the auxiliaries pointing away from each other, presumably to

minimize electrostatic repulsion. This creates a well-defined twist in the core, with a

C(5), C(6), C(7), C(12) dihedral angle of 5.14° and a C(10), C(9), C(13), C(18) dihedral

angle of 4.57°, which also may alleviate steric clashing between cisoidal aryl hydrogens.

A single methanol molecule is present in the asymmetric unit, which is hydrogen-bonded

to one of the guanidinium arms of 2.59, although this does not appear to significantly

perturb the orientation of the arms.  In contrast to 2.45, the complex 2.59 is easily and

reproducibly crystallized from MeOH and H2O and exhibits compact packing, without

unusual voids. Despite repeated attempts from various solvent systems, efforts to obtain

X-ray quality crystals of 2.67 were unsuccessful.
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Figure 2.16. View of the cationic portion of 2.61. The complex was crystallized as the
Cl- salt.

Figure 2.17. Views of 2.59. In the ORTEP diagram, the displacement ellipsoids are
scaled to 50% probability.
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Table 2.1. Selected bond lengths (Å) for Zn(II) complexes of various ligands as
determined by X-ray crystallography. Data for tpy-ZnCl2 from ref 129.

2.2.3 Ribonuclease Activity of 2,6 Di(pyrimidinyl)pyridine-Zn(II) based Metallonuclease
Mimics

In light of discussed potential of 2.45, 2.59, 2.64 and 2.54 to provide electrophilic

activation to phosphoester hydrolysis reactions, RNA is considered to be an ideal

substrate because it contains an intramolecular nucleophile in the 2′-hydroxyl group. The

capacity of the designed metallonuclease mimics to promote hydrolysis of the RNA

dimer adenylyl(3′→5′)phosphoadenine (ApA) under physiological conditions were

examined in detail in collaboration with other workers.132 Pseudo first-order rate

constants for the degradation of ApA were measured by monitoring the hydrolysis of

ApA (50 µM) to adenosine 3′-monophosphate, adenosine 2′-monophosphate, 2′,3′-cyclic

adenosine monophosphate (c-AMP) and adenosine in a 10 mM aqueous solution of N-(2-

hydroxyethyl)-piperazine-N′-2-ethanesulfonic acid (HEPES) at pH 7.4 and 37 °C by

high-performance liquid chromatography (HPLC). A first-order dependence of the

observed rate constant kobs on the concentration of 2.45 (from 1-5 mM) was found. In all

cases, the metal complex is in large excess over the substrate, and so 2.45 acts as a

promoter and not as a true catalyst. The pH-rate profile displays a maximum at pH 7.5,

Complex Zn-N(8) Zn-N(1) Zn-N(14) Zn-Cl(1) Zn-Cl(2)
2.64
2.45
2.59

tpy-ZnCl2

2.082
2.077
2.065
2.106

2.262
2.265
2.253
2.185

2.234
2.211
2.225
2.185

2.244
2.273
2.241
2.282

2.233
2.252
2.281
2.282
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which is in good agreement with the measured pKa (7.3) of a water bound to the Zn(II) of

2.45. This suggests that the Zn-hydroxide form of 2.45 is the active species. The observed

decrease in activity at higher pH values was attributed to the poor solubility of 2.45 under

these conditions.

In order to estimate the importance of cooperative interactions in these systems,

pseudo first-order rate constants for ApA hydrolysis were measured for each of the

complexes 2.45, 2.59, 2.64 and 2.67, as well as for the free ligand 2.46 and ZnCl2. The

results are shown in Table 2.2. The originally designed complex 2.45 was found to be the

most active ribonuclease mimic by nearly an order of magnitude over the other two

complexes with nitrogen-containing axillaries (2.59 and 2.67). Apparently, constraining

the guanidinium groups within aliphatic rings as in 2.59 diminishes ribonuclease activity.

The fact that 2.45 is over 3300 times more active than 2.64, and that 2.46 provides

negligible enhancement over background, demonstrates strong cooperativity between the

metal ion and the guanidinium groups in the hydrolysis of RNA. Interestingly, ZnCl2

appears to be a more active ApA hydrolysis promoter than 2.64.
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Table 2.2. Rate constants for the hydrolysis of ApA promoted by various nuclease
models . Rate constants were determined by monitoring the pseudo first-order
decomposition of ApA (50 µM) in the presence of 5 mM nuclease mimic via HPLC, in
water (10 mM HEPES buffer, pH 7.4, 37 °C). * denotes values measured by co-workers.

A mechanism for the promotion of ApA hydrolysis by 2.45 was proposed,132 in which

the phosphodiester linkage of ApA is doubly activated by Zn(II) coordination and

hydrogen-bond donation by the guanidinium groups (Scheme 2.15). General-base

promoted nucleophilic delivery of the 2′-hydroxyl group of ApA generates a fleeting

phosphorane, which is stabilized by non-covalent interactions and/or proton transfer from

2.45. The departing alkoxide leaving group may be protonated by water or possibly by

one of the guanidinium auxiliaries of 2.45.
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Scheme 2.15. Proposed Mechanism for ApA hydrolysis promoted by 2.45.
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2.2.4 Stability constants of complexes of 2,6 Di(pyrimidinyl)pyridine ligands with Zn(II)
and Cu(II). Implications for Nuclease Activity.

Subsequent to the RNA hydrolysis studies described above, it was discovered that

at mM concentrations in water and methanol, the guanidinium functionalized Zn(II)

complexes 2.45 and 2.59 were mostly dissociated into free ligand and metal ion. This

implies that the most active metallonuclease mimics are of low thermodynamic stability,

and are primarily disassociated under the conditions that RNase activity was measured.

Upon Zn(II) coordination, the 1H NMR signals for the aryl hydrogens of the 2,6

di(pyrimidinyl)pyridine system shift considerably (Scheme 2.16). The signals for protons

4 and 6′, which are para to coordinating endocyclic nitrogens, undergo large downfield

shifts upon metal coordination, while those for 3 and 5′ experience smaller shifts.

It had previously been assumed that a significant kinetic barrier exists for Zn(II)

chelation, and that refluxing the ligand with the Zn(II) salt for long periods was required,

but it was found that complex formation is subject to thermodynamic control and can be

monitored by 1H NMR. When a concentrated (~ 50 mM) solution of 2.59 was diluted, the

signals for the complex diminished with concurrent emergence of peaks for the free

ligand 2.61 . The simultaneous observation of peaks for both complexed and

uncomplexed species demonstrates that ligand exchange is slow on the NMR timescale.

Similarly, addition of a large excess ZnCl2 to a solution of the free ligand resulted in

formation of the complex and the decrease of the ligand. These experiments established

that Zn(II) coordination was dynamic, and that the stabilities of the guanidinium

functionalized complexes were unexpectedly low (a Ka for 2.59 of 50 M-1 was estimated).
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Scheme 2.16. Complexation of Zn(II) by 2.59 may be monitored by 1H NMR. A. 1H
NMR spectrum of 2.61 (5 mM) in CD3OD. B. 1H NMR spectrum of 2.59 (30 mM, ZnCl4

2-

salt) in CD3OD. The signals for hydrogens attached to carbons para to coordinating
endocyclic nitrogen atoms experience especially large downfield shifts upon
complexation. Solutions of 2.59 at moderate concentration (5 mM) exhibit signals for
mainly the free ligand 2.61, which implies that metal coordination is dynamic and the
formation constant of 2.59 is low.

The nature of the auxiliary groups appended to the 2,6 di(pyrimidin-4-yl)pyridine

core could be expected to have pronounced effects on the stability of the metal complexes

formed. Steric and electrostatic interactions between the auxiliary groups will be

augmented upon metal binding due to their close proximity in the chelated conformation

relative to the extended conformation of the unbound ligand. Additionally, electrostatic

interactions between charged auxiliary groups and the metal center may also be of
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importance in determining complex stability. Such forces are thought to be responsible

for the orientation of 2.59 exhibited in Figure 2.17.

In order to more easily and accurately obtain formation constants for the Zn(II)

complexes of interest, the examination of dynamic metal coordination by UV-vis

spectrophotometry was pursued. An added advantage of this approach is that it is

amenable to the determination of formation constants of paramagnetic metal ions, which

generally cannot be monitored by NMR. The UV-vis spectrum of 2.65 in buffered

aqueous solution at pH = 6.8 exhibits a broad maximum at 285 nm. The presence of

auxiliary functional groups of 2.55, 2.46 and 2.61 has only a subtle effect on the spectra,

causing a sharpening of the signal and the appearance of a slight shoulder to 295 nm in

all cases. The formation of the Zn(II) or Cu(II) complexes causes a large spectral

modulation, leading to the appearance of two sharper maxima that are red-shifted with

respect to the free ligand absorbances (320 and 331 nm for Cu(II) complexes and 313 and

327 nm for Zn(II) complexes). Clear isosbestic points are observed over the course of this

process (307 and 265 nm for Cu(II) complexes and 303 nm for Zn(II) complexes (Figure

2.18).  Formation constants were determined by fitting the data to the 1:1 binding

algorithm.
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Figure 2.18. Metal Complexation as monitored by UV-vis spectrophotometry. A. UV-
vis spectral modulations for the titration of ZnCl2 (0-200 µM) into a solution of 2.55 (100
µM). B. Associated absorbance changes at 326 nm as a function of added Zn(II) and
theoretical 1:1 binding isotherms. Experiment carried out in H2O, 10 mM HEPES buffer,
pH = 6.8.

The determined formation constants for the Zn(II) and Cu(II) complexes of the

ligands are presented in Table 2.3. Previously reported values obtained from the

literature133 for tpy are included to provide an estimation of the effects of the non-

coordinating, endocyclic nitrogens and the exocyclic substituents. It is apparent that the

auxiliary nitrogen-containing functional groups dramatically affect the stability of the

complexes. The low stability of the Cu(II) and Zn(II) complexes of 2.46 and 2.61 relative

to those of 2.53 can be explained in terms of electrostatic repulsions between the charged

guanidinium groups and the metal center, as suggested by the X-ray structure of 2.59. It

is also likely that inductive electron withdrawal by the positively charged auxiliaries

decreases electron density in the ligand core, reducing its ability to act as a Lewis base.
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Table 2.3. Formation constants of various complexes as determined by UV-vis
spectrophotometric titration. All experiments performed in 10 mM HEPES buffer, pH =
6.8.  * value not determined.

Interestingly, the formation constant for complex 2.55-Zn (2.67) is significantly

larger than for 2.66-Zn (2.64). The large formation constant of 2.67 implies that the

auxiliary amines of 2.55 could be coordinating to the bound Zn(II) ion as shown in

Scheme 2.17. Such behavior is less likely for the complexes of 2.59 and 2.45 due to the

much weaker acidity of guanidinium groups. The formation constant for the Cu(II)

complex of 2.55 could not be determined because a second spectral change emerged

immediately after the addition of more than one equivalent of copper to the ligand, which

interfered with the saturation portion of the binding isotherm. Such behavior suggests the

formation of higher-order aggregates in which multiple Cu(II) ions are bound to each

ligand.

Ligand Metal Stoichiometry K (M
-1)

2.65
2.65
2.55
2.55
2.46
2.46
2.61
2.61
tpy
tpy

Cu(II)
Zn(II)
Cu(II)
Zn(II)
Cu(II)
Zn(II)
Cu(II)
Zn(II)
Cu(II)
Zn(II)

1:1
1:1

Not 1:1
1:1
1:1
1:1
1:1
1:1
1:1
1:1

1×106

8.4×103

n.d.*
4.5×105

7.8×104

< 100
4.1×104

< 100
1.6 x1013

1 x106
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Scheme 2.17 Coordination of the auxiliary amines of 2.55 provides an explanation for
the large formation constant of 2.67.

The postulated coordination of the auxiliary amines of 2.55 to the Zn(II) center

would be expected to appreciably increase the acidity of the corresponding ammoniums.

In fact, such an effect is observed. Overlaid pH titrations of 2.55 and 2.67 are shown in

Figure 2.19. The titration curve for the free ligand 2.55 shows a buffering region of two

equivalents corresponding to an acidic group with a pKa just below 9.0, which is assigned

to the auxiliary amines. The presence of one equivalent of ZnCl2 causes this buffering

region to fall to about 5.5, which corresponds to a depression of roughly 3.5 pKa units

upon Zn(II) complexation. The stability constant determinations were carried out at pH =

6.8, at which the auxiliary amines would be deprotonated and presumably coordinated to

the Zn(II) center.
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Figure 2.19 A set of pH titrations showing a depression of about 3.5 pKa units of the
auxiliary ammonium groups of 2.55 upon formation of the Zn(II) complex 2.67.
Experiments were performed in H2O with 20 µmol analyte and 250 µmol NaNO3.

It was observed that the presence of exogenous sodium phosphate causes a large

increase in the stability of the 2.45, but not in the stability of 2.64 (2.67 and 2.59 were not

examined). Formation constants for 2.45 and 2.64 were determined in the presence of one

equiv. of Na2HPO4 by the UV-vis method previously described. The formation constant

for 2.45 increased from >100 M-1 in the absence of phosphate to 4300 M-1, an increase of

at least over-40 fold; while the formation constant of 2.64 only increased from 8300 M-1

to 8900 M-1, which is less than a factor of 1.1. The stabilizing effect of the presence of the

phosphate anion can be attributed to charge-pairing and hydrogen-bonding of phosphate
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with the metal center as well as the guanidinium functionalities of 2.59. The association

of phosphate dianion with 2.45 would partially offset the four cationic charges that are

likely responsible for its low stability.

Figure 2.18 Effects of exogenous phosphate on complex stability. Absorbance
modulations for titration of ZnCl2 into A. 2.46 (2 mM, 1 mm pathlength cell) B. 2.46 (100
µM), Na2HPO4 (100 µM) C. 2.66 (100 µM) D. 2.66 (100 µM), Na2HPO4 (100 µM). Dashed
lines are theoretical isotherms for 1:1 binding algorithm. All experiments performed in
H2O, 10 mM HEPES buffer, pH = 6.8.

This dramatic stabilizing effect of phosphate together with the unexpectedly low

intrinsic stability of 2.45 provides insight into the mechanism of ApA hydrolysis

promotion by 2.45 and 2.59.  The ability of phosphate ion to template the formation of

the preorganized Zn-guanidinium containing cleft implies that the phosphodiester linkage
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of ApA may do the same, thus effecting the substrate-triggered self-assembly of the

artificial ribonuclease.
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Scheme 2.18 Postulated scheme for ApA hydrolysis by complex of low stability.
Addition of ApA is imagined to template the formation of the active complex.

In summary, a series of multifunctional metallonuclease mimics based on the

staphylococcal nuclease active have been synthesized and tested for ribonuclease activity.

Significant cooperativity between guanidinium ions and a metal center in the hydrolysis

of RNA under physiological conditions was demonstrated in collaboration with

coworkers. The structures of several artificial metallonucleases were determined by X-

ray crystallography. It was further shown that in these systems, Zn(II) and Cu(II)

complexation is subject to thermodynamic control and the formation constants of various

complexes were determined in water by spectrophotometric titration. The stabilities of

the most active artificial metallonucleases were found to be very low but were greatly

enhanced by phosphate. These observations imply that ApA directs the formation of a

functional multi-component assembly, which promotes ApA hydrolysis. Additionally, the

establishment of factors governing the stabilities of auxiliary functionalized 2,6

di(pyrimidinyl)pyridine metal complexes have aided in the design of other metal-based
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receptors predicated on this scaffold. For example, peptide conjugates such as 2.68 have

been developed by others in our laboratory as a receptor selective of N-terminal His

tripeptides and for pattern-based differential sensing applications.134,135
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Figure 2.20 A metalloreceptor that employs the 2,6 di(pyrimidinyl)pyridine scaffold.
2.55 selectively binds N-terminal tripeptides in aqueous solution.



118

2.3 Experimental Details for Chapter 2

2.3.1 General Information

All reagents were obtained from Aldrich and Acros and used without further

purification. Dichloromethane and triethylamine were distilled over CaH2 and used

immediately. Ion exchange chromatography was performed with Amberlite IRA-400 (Cl)

ion exchange resin. Compounds 2.48,1242.49,125 2.52,126 2.57,127 2.63,128 and 2.66123 were

prepared in accordance with literature precedent. A Varian Unity Plus 300 MHz

spectrometer was used to obtain 1H and 13C NMR spectra, which are referenced to the

solvent. A Finnigan VG analytical ZAB2-E spectrometer was used to obtain high-

resolution mass spectra. A Beckman Coulter System Gold 126 Solvent Module coupled

to a 168 Detector was used for the HPLC kinetics. All HPLC runs were carried out in

sterilized water. UV/vis spectra were recorded on a Beckman DU-640 spectrophotometer.

All pH measurements were made using an Orion 720A pH meter. A Harvard syringe

pump was employed for pH titrations

Metal Binding Studies: Formation constant determinations were carried out in

0.01 M HEPES buffer at pH 6.8. The metal chloride titrant solutions were prepared by

addition of a concentrated metal chloride stock solution into a portion of the analyte

solution, ensuring that the change in concentration of buffer and host over the course of

the titration to be negligible. Experimental data were fit to theoretical curves generated

using eq. 1,135 assuming the equilibrium presented in eq. 2 to determine formation
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constants of 1:1 complexes. The concentration of free metal ion [M] is related to known

variables and parameters by the quadratic equation given (eq. 3).

ΔA = (ΔεKf[M][L]t)/(1 + Kf[M])       (eq. 1)

[M] + [L] 
[Kf]

 [ML]        (eq. 2)

Kf = [ML]/([M][L])

[M] = -b + (b2 – {4Kf [M]t}
1/2)/2Kf   (eq. 3)

where:
Δε = difference in extinction coefficient of complex and ligand

Kf = formation constant of complex
[M] = concentration of free metal

[M]t = total concentration of metal added to the solution
[L] = concentration of free ligand

[L]t = total concentration of ligand added to the solution
[ML] = concentration of complex

b = 1-Kf[M]t + Kf[L]t

Ligand concentrations were adjusted according to quantitative 1H NMR measurements

using HPLC-grade acetonitrile as an internal standard. A typical titration involved the

addition of 2.5 µL aliquots of a solution that was 4.8 mM in metal chloride, 100 µM in

ligand and 10 mM buffer to 1.2 mL of a solution that was 100 µM in ligand and 10 mM

buffer. In the phosphate studies, phosphate was introduced to the buffer solution with

dibasic sodium phosphate prior to adjustment of pH and was present in both the analyte

and titrant solutions in roughly the same concentration. In all cases, binding isotherms

were fit to the theoretical curves by manual variation of parameters.
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pH Titrations: Solutions were prepared at 5.0 mL total volume and were 4.0 mM in

ligand or complex and 50 mM in KNO3. The pH was adjusted to 2.0 by the addition of 0.1

M nitric acid. Each data point was obtained by the automated addition of 20 µL of a

0.0985 M volumetric standard NaOH to the stirred solution over a period of 20 seconds

followed by a 30 s waiting period during which time the pH meter was allowed to

equilibrate.

2.3.2 Synthesis

(4-{6-[2-(tert-Butoxycarbonylamino-methyl)-pyrimidin-4-yl]-pyridin-2-yl}-

pyrimidin-2-ylmethyl)-carbamic acid tert-butyl ester (2.54):  Absolute ethanol (100

mL) was heated to 80 °C, followed by the addition of 2.53 (2.00 g, 7.31 mmol) and 2.49

(6.10 g, 29.2 mmol). Sodium metal (1.01 g, 43.5 mmol) was dissolved in absolute ethanol

(50 mL), and the sodium ethoxide solution was then slowly syringed into the reaction

mixture. The reaction was stirred at 80° C for 16 h and then allowed to cool to room

temperature. The purple solution was concentrated to a solid residue, which was

dissolved in CH2Cl2 (100 mL) and washed with water (3 × 50 mL) and brine (1 × 50 mL).

The organic layer was then dried over sodium sulfate and concentrated to give a dark red

residue, which was subjected to alumina chromatography (eluent = ethyl acetate) to yield

a white solid (1.67 g, 49% yield). mp: 216-217 °C. 1H NMR (CDCl3) δ 8.86 (d, J = 5.2

Hz, 2H), 8.65 (d, J = 7.8 Hz, 2H), 8.35 (d, J = 5.2Hz, 2H), 8.06 (t, J = 7.9 Hz, 1H), 5.70

(b, 2H), 4.72 (d, J = 5.0 Hz, 4H), 1.51 (s, 18H); 13C NMR (CDCl3) δ 166.3, 162.3, 158.1,
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156.1, 153.3, 138.3, 123.4, 115.3, 79.5, 46.4, 28.4; HRMS (CI, m/z) calcd for

C25H31N7O4: 494.252, found: 494.251.

C-{4-[6-(2-Aminomethyl-pyrimidin-4-yl)-pyridin-2-yl]-pyrimidin-2-yl}-methylamine

(2⋅HCl) (2.55): To a solution of 9:1 by volume CH2Cl2:TFA(trifluoroacetic acid) (10 mL)

was added 2.54 (1.00 g, 2.13 mmol). The reaction mixture was stirred vigorously for 24 h

at 25 °C and the solvent was removed under reduced pressure to give a yellow oil. Excess

TFA was azeotroped using toluene under reduced pressure, yielding a pale yellow solid.

The product was precipitated in chilled ethanol, filtered, washed with diethyl ether and

dried under high vacuum. Ion exchange chromatography yielded a white solid (0.74 g,

94% yield). mp: 228-229 °C. 1H NMR (CD3OD) δ 8.86 (d, J = 5.2 Hz, 2H), 8.64 (d, J =

7.9 Hz, 2H), 8.34 (d, J = 5.2 Hz, 2H), 8.04 (t, J = 7.9 Hz, 1H), 4.20 (s, 4H); 13C NMR

(CD3OD) δ 163.3, 162.5, 159.7, 153.1, 140.1, 125.1, 117.5, 44.1; HRMS (CI, m/z) calcd

for C15H15N7: 294.147, found: 294.148.

N-{4-[6-(2-tert-butoxycarbonyl-guanidinomethyl-pyrimidin-4-yl)-pyridin-2-yl]-

pyrimidin-2-ylmethyl}-tert-butoxycarbonyl-guanidine (2.58): To a 9:1 by volume

solution of CH2Cl2: DMF (10 mL) was added triethylamine  (0.4 mL, 2.82 mmol)

followed by 2.55 (0.41 g, 1.13 mmol) and 2.57 (0.821g, 2.82 mmol). The heterogeneous

reaction mixture was stirred at 25 °C for 24 h. The reaction was then diluted with CH2Cl2

(50 mL) and washed with water (3×25 mL) and brine (2×25 mL). The organic layer was

dried over sodium sulfate and concentrated to a pale yellow solid. The product was
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precipitated in chilled methanol, filtered, washed with diethyl ether and dried under high

vacuum to yield a white solid (0.39 g, 42% yield). mp: 240-241 °C. 1H NMR (CDCl3) δ

11.58 (b, 2H) 9.92, (b, 2H),  8.92 (d, J = 5.2 Hz, 2H), 8.88 (d, J = 7.9 Hz, 2H) 8.44 (d, J =

5.2 Hz, 2H), 8.02 (t, J = 7.9 Hz, 1H), 4.99 (d, J = 4.0 Hz, 4H), 1.57 (s, 16H) 1.53 (s,

16H); 13C NMR (CDCl3) δ 164.90, 163.59, 162.15, 158.70, 155.70, 153.23, 138.35,

123.93, 115.25, 80.01, 79.41, 46.70, 28.26, 28.09; HRMS (CI, m/z) calcd for

C37H51N11O8: 778.328, found: 778.323.

N-{4-[6-(2-Guanidinomethyl-pyrimidin-4-yl)-pyridin-2-yl]-pyrimidin-2-ylmethyl}-

guanidine(2⋅HCl) (2.46): To a 2:1 by volume solution CH2Cl2:TFA (10 mL) was added

2.58 (0.36 g, 0.47 mmol). The reaction mixture was stirred at 25 °C for 8 h, after which a

dark red oil was observed. The reaction was concentrated to an off-white solid and excess

TFA was azeotroped using toluene. The product was precipitated in chilled ethanol,

filtered, washed with diethyl ether and dried under high vacuum. Ion exchange

chromatography gave a white solid (0.27 g, 93% yield). mp: 232-233 °C. 1H NMR

(CD3OD) δ 8.82 (d, J = 5.3 Hz, 2H), 8.46 (d, J = 7.8 Hz, 2H), 8.33 (d, J = 5.3 Hz, 2H),

8.06 (t, J = 7.9 Hz, 1H), 4.43 (s, 4H); 13C NMR (CD3OD) δ 166.07, 164.17, 162.87,

160.15, 154.71, 140.17, 125.10, 117.15, 47.73; HRMS (CI, m/z) calcd for C31H39N11O4:

378.191, found: 378.190.

N-{4-[6-(2-tert-buutoxycarbonyl-imidazolinomethyl-pyrimidin-4-yl)-pyridin-2-yl]-

pyrimidin-2-ylmethyl}-tert-butoxycarbonyl-imidazoline ( 2 . 6 0 ) :  To a 9:1(v:v)
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ethanol:acetic acid solution was added 2.55 (1.04 g, 2.85 mmol) and 2.63 (1.55 g, 7.11

mmol). The reaction was heated to 50 °C for 24 h. Triethylamine (3 mL, 21.52 mmol)

was added and the reaction was concentrated to a pale yellow solid which was dissolved

in 100 mL of CH2Cl2. This solution was washed with 1M NaOH(aq) (2×50 mL) water (50

mL) and brine (50 mL), dried over sodium sulfate and concentrated to a white solid. The

product was precipitated in methanol, filtered, washed with diethyl ether and dried under

high vacuum to yield a white solid (0.76 g, 42% yield). 1H NMR (CDCl3) δ 8.89 (d, J =

5.1 Hz, 2H), 8.81 (d, J = 7.5 Hz, 2H), 8.38 (d, J = 5.4 Hz, 2H), 8.29 (b, 2H), 8.06 (t, J =

7.8 Hz, 1H), 4.82 (d, J = 4.4 Hz, 4H); 13C NMR (CDCl3) δ166.34, 162.51, 158.81,

154.05, 153.65, 153.13, 138.64, 124.10, 115.405, 82.24, 49.30, 48.46, 47.15, 28.58;

HRMS (CI, m/z) calcd for C31H39N11O4: 630.326, found: 630.326.

N-{4-[6-(2-Imidazolinomethyl-pyrimidin-4-yl)-pyridin-2-yl]-pyrimidin-2-ylmethyl}-

imidazoline (2⋅HCl) (2.61): To a 2:1 by volume solution of freshly distilled CH2Cl2:TFA

(10 mL) was added 2.60 (0.36 g, 0.58 mmol) Vigorous stirring of the solution for 8 h at

25 °C resulted in the formation of a dark red oil. The reaction was concentrated under

reduced pressure to give a red oil. TFA was azeotroped using toluene until a dark red

solid precipitated. Ion exchange chromatography gave a pale yellow solid (0.26 g, 89%

yield). Crystals suitable for X-ray crystallography were obtained by slow diffusion of

ethanol into a concentrated methanol solution. mp: 236-237 °C. 1H NMR (CD3OD) δ

8.89 (d, J = 5.1 Hz, 2H), 8.71 (d, J = 8.1 Hz, 2H), 8.56 (d, J = 5.1 Hz, 2H), 8.17 (t, J =

8.1 Hz 1H), 4.72 (s, 4H), 3.80 (t, J = 1.5 Hz, 8H); 13C NMR (CD3OD) δ 166.18, 164.25,
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162.27, 160.25, 154.82, 140.23, 124.81, 117.24, 44.30; HRMS (CI): calcd. for

C21H25N11Cl2: 501.167 found: 501.165.

Complex 2.64 To refluxing anhydrous methanol (3 mL) was added 2.66 (0.100 g, 0.38

mmols), and the reaction mixture was stirred until homogenous. A 1 M aqueous solution

of ZnCl2  (380 µL, 1 equiv.) was injected and the solution was allowed to cool to room

temperature, affecting the precipitation of a pale yellow solid. The solid was filtered,

washed with cold methanol and recrystallized from methylene chloride to give white

crystals suitable for X-ray crystallography (0.093 g, 61% yield). 1H NMR (CDCl3) δ 9.07

(d, J = 5.1 Hz, 2H), 8.47 (s, 3H), 7.96 (d, J = 5.1 Hz, 2H), 3.41 (s, 6H), 13C NMR

(CD3OD) δ 170.76, 160.88, 154.17, 149.53, 143.40, 125.07, 114.54, 26.19.

Complex 2.45 To deionized water (25 mL) was added 2.46 (0.46 g, 1.01 mmols) of and

ZnCl2 (0.515 g, 3.75 equiv.). The pale yellow solution was heated to 80 °C for 24 h. The

solution was then filtered and lyopholyzed. The resulting solid was crystallized from

methanol:water (99:1, v:v) by slow evaporation to yield pale yellow crystals suitable for

X-ray crystallography (0.61 g, 80% yield). 1H NMR (CD3OD) δ 9.40 (d, J = 5.4 Hz, 2H),

9.06 (d, J = 8.2 Hz, 2H), 8.82 (t, J = 8.2 Hz, 1H), 8.75 (d, J = 5.4 Hz, 2H), δ 5.01 (d, 4H).

13C NMR (CD3OD) 166.37, 163.09, 159.28 157.43, 148.44, 145.22, 127.96, 118.56,

48.14
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Complex 2.59 To deionized water (15 mL) was added 2.61 (0.35 g, 0.69 mmols) of and

ZnCl2 (0.31 g, 2.29 mmols). The pale yellow solution was filtered and lyopholyzed. The

resulting pale yellow solid was dissolved in the minimum amount of methanol with heat

and sonication, hot filtered, and allowed to cool to room temperature to yield large, pale

yellow crystals suitable for X-ray crystallography (0.39 g, 77% yield). 1H NMR (CD3OD)

δ 9.12 (d, J = 5.5 Hz, 2H), 8.81 (d, J = 7.5 Hz, 2H), 8.58 (t, , J = 7.5 Hz, 1H), δ 8.44 (d, J

= 5.5 Hz, 2H), δ 5.09 (s , 4H), δ 3.68 (s, 8H), 13C NMR (CD3OD) 165.28, 163.01, 156.11,

147.96, 144.88, 127.24, 117.68, 47.32, 43.12.

2.3.3 Crystal Structure Determination

The data were collected on a Nonius Kappa CCD diffractometer using a graphite

monochromator with MoKα radiation (λ = 0.71073Å). The data were collected at 153 K

using an Oxford Cryostream low temperature device.  Data reductions were performed

using DENZO-SMN. The structure was solved by direct methods using SIR92 and

refined by full-matrix least-squares on F2 with anisotropic displacement parameters for

the non-H atoms using SHELXL-97. The hydrogen atoms were calculated in ideal

positions with isotropic displacement parameters set to 1.2xUeq of the attached atom

(1.5xUeq for methyl hydrogen atoms). Figures were generated using MacPyMOL version

0.98, Mercury 1.4.1 and  SHELXTL/PC.[47]  Further details are presented in Table 2.4.



126

Table 2.4 Details for X-Ray Diffraction studies.

2.64 2.45 2.61 2.59
Empirical formula C16H17Cl2N5OZn C20H39Cl6N11O6Zn2 C23H33Cl2N11O2 C22.50 H31 Cl6 N11 O1.50 Zn2

Formula weight 493.42 873.06 566.50 823.02
Temperature (K) 153(2) 153(2) 153(2) 153(2)
Wavelength (Å) 0.71073 0.71073 0.71073 0.71073
Crystal system Triclinic Triclinic Triclinic Monoclinic
Space group P-1 P-1 P-1 P21/n
a (Å) 7.3620(3) 8.5015(2) 10.4838(1) 9.4262(1)
b (Å) 9.4311(5) 14.0357(3) 10.9154(1) 25.5831(3)
c (Å) 12.5945(7) 16.3775(4) 12.7691(2) 13.5100(2)
α 79.885(3)° 87.483(1)° 72.033(1)° 90°
β 85.167(3)° 75.666(1)° 76.096(1)° 91.981(1)°
γ 86.045(2)°. 89.428(1)° 74.910(1)° 90°
Volume (Å3) 856.50(7) 1891.57(8) 1321.52(3) 3256.01(7)
Z 2 2 2 4
Density (calculated)
(Mg/m3)

1.674 1.533 1.424 1.679

Absorption coefficient (mm-

1)
1.761 1.740 0.291 2.006

F(000) 440 892 596 1668
Crystal size (mm) 0.16 x 0.15 x 0.04 0.41 x 0.14 x 0.10 0.39 x 0.33 x 0.18 0.29 x 0.28 x 0.20
Theta range for data
collection

2.96 to 27.47° 3.01 to 27.49° 2.95 to 27.50°. 3.04 to 27.49°.

Index ranges -9<=h<=9, -12<=k<=12, -
16<=l<=16

-10<=h<=11, -16<=k<=18, -
20<=l<=21

11<=h<=13, -14<=k<=14, -
14<=l<=16

-12<=h<=12, -30<=k<=33, -
17<=l<=17

Reflections collected 5887 33906 9418 13867
Independent reflections 5887 [R(int) = 0.0000] 8578 [R(int) = 0.0530] 6008 [R(int) = 0.0172] 7407 [R(int) = 0.0214]
Completeness to theta =
25.00°

98.1 % 98.9 % 99.0 % 99.1 %

Absorption correction None Gaussian None None
Refinement method Full-matrix least-squares on

F2
Full-matrix least-squares on

F2
Full-matrix least-squares on

F2
Full-matrix least-squares on

F2

Data / restraints / parameters 5887 / 12 / 232 8578 / 0 / 362 6008 / 0 / 399 7407 / 143 / 453

Goodness-of-fit on F2 1.169 1.035 1.431 1.084

Final R indices
[I>2sigma(I)]

R1 = 0.0490, wR2 = 0.0937 R1 = 0.0355, wR2 = 0.0954 R1 = 0.0604, wR2 = 0.1417 R1 = 0.0347, wR2 = 0.0853

R indices (all data) R1 = 0.0928, wR2 = 0.1058 R1 = 0.0447, wR2 = 0.0996 R1 = 0.0794, wR2 = 0.1485 R1 = 0.0482, wR2 = 0.0912
Largest diff. peak and hole 0.721 and -0.587 e.Å-3 0.453 and -0.456 e.Å-3 0.496 and -0.267 e.Å-3 0.957 and -0.615 e.Å-3
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CHAPTER 3. DEVELOPMENT OF COLORIMETRIC, ENANTIOSELECTIVE
SENSING ENSEMBLES FOR α-AMINO ACIDS BASED ON CU(II)

COORDINATION.

3.1 Survey of Molecular Sensing

In general, optical molecular sensing involves the absorbance or fluorescence

signaling of a molecular recognition event in which the analyte of interest serves as the

guest. Such systems are most commonly realized in accordance with one of two design

paradigms. The linked-subunit (LS) strategy involves the covalent attachment of a

molecular receptor (recognition subunit) and an optical reporter group (signaling

subunit), while indicator displacement assays (IDAs) employ a multi-component

approach. The IDA method relies on competition between an optical indicator and the

analyte for the binding site of a receptor. Molecular sensors that discriminate analytes on

the basis with chemoselectivity are referred to as chemosensors, while those that

discriminate enantiomers are termed enantiosensors. Enantiosensing involves the

incorporation of asymmetric recognition subunits or receptors capable of discriminating

between enantiomeric analytes. While the LS approach to enantiosensing has been widely

utilized, enantioselective IDAs have been much less well explored, despite potential

advantages with regard to synthetic accessibility and modularity.
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3.1.1 From Molecular Recognition to Molecular Sensing

The ability of designed molecules to associate in predefined geometries opens a

wealth of new opportunities for the selective control1 and manipulation2 of matter. The

confluence of detailed knowledge of molecular structure, non-covalent forces and the

concepts of complementarity and preorganization, allows for substances to be addressed

with increasingly subtle control, and promises to liberate chemistry from “the tyranny of

functional groups.”2 In this regard, the field of molecular sensing has been one of the

most fruitful and directly applied offshoots of supramolecular chemistry in general, and

molecular recognition in particular.3-10

Broadly, a sensor may be defined as an entity that converts an inconspicuous

stimulus into an easily observable signal. In the present context, the stimuli are chemical

in nature, and discussion will be limited to sensors comprised of small molecules and

cases in which the output signals correspond to optical modulations, although other

detection schemes are of interest.11-13 The selectivity of a sensor reflects its ability to

differentiate structurally similar analytes, while sensitivity refers to the optimal analyte

concentration range that can be detected. The distinction is made between molecular

sensing and sensing by physical or biochemical means in order to emphasize the use of

discreet, and often rationally designed molecules to perform sensing operations, rather

than relying on differential affinities between substances of interest for bulk materials or

naturally occurring biomacromolecules. Czarnik has coined the term chemosensor to

specify the notion of an abiotic molecular receptor with an incorporated signaling module

for analytical purposes.3
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Fundamental to the endeavor of molecular sensing is that of molecular

recognition. For a sensor to be practically useful, given levels of selectivity and

sensitivity must be achieved so that the substance to be quantified (termed analyte) may

be distinguished from other substances present. A key goal of molecular recognition is

the design of synthetic receptors capable of selectively complexing a particular substrate

in a competitive environment, and so it is therefore a logical extension to devise means of

coupling a signal response to this event for analytical purposes.

Depicted in Scheme 1.1 are two general strategies for chemosensor fabrication

that have enjoyed wide application. The most conceptually simple approach, referred to

as the linked-subunit (LS) strategy (Scheme 1.1A), relies on the covalent attachment of

an optical signaling subunit to a designed recognition subunit.3-5,7-9 Upon binding of the

analyte to the recognition subunit, the microenvironment of the signaling subunit is

perturbed, which gives rise to an optical response. Most often, selectivity between

analytes arises from intrinsic preferences of the recognition subunit, but may also involve

direct interactions between the bound analyte and the signaling subunit. The sensitivity of

an LS chemosensor is generally related to magnitude of the affinity between the

recognition subunit and the analyte, as well as the specific identity of the signaling

subunit and the covalent mode of attachment to the recognition site.
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Scheme 3.1. Pervasive strategies for the design of optical chemosensors. A. The linked-
subunit (LS) approach involves covalent attachment of a signaling subunit to a
recognition subunit. Analyte binding to the recognition subunit results in spectral
modulation. B. The indicator displacement assay (IDA) involves non-covalent assembly
of the receptor and the indicator, followed by indication displacement upon addition of
the analyte.

More recently an alternative, multi-component approach to chemosensor design

known as the indicator displacement assay (IDA), has been developed (Scheme 1.1 B).6-

8,10 The IDA strategy is conceptually similar to a standard immunoassay6 but involves

synthetic receptors and small molecule analytes, instead of antibodies and antigens. IDAs

employ separate recognition and signaling units that associate through a molecular

recognition event, which modulates the optical properties of the signaling unit (indicator).

Addition of the analyte to the receptor-indicator complex establishes competition

between the indicator and the analyte for the binding site of the receptor and to some

extent, leads to indicator displacement, which provides the optical response. As with LS

sensors, selectivity is related to the intrinsic preferences of the receptor but selectivity in

+

signaling
subunit

recognition
subunit

analyte

receptor-indicator
complex

receptor-analyte
complex

free indicator
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B.
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IDAs, as well as sensitivity, may also depend on the affinity of the indicator relative to

potential analytes.

A classic example of the LS approach, as applied to the fluorescence detection of

saccharides, was reported by Shinkai, using the anthracene-functionalized boronic acid-

based chemosensor 3.1 (Figure 3.1).14 In neutral aqueous solution, aryl-boronic acids with

proximal amine substituents are known to rapidly and reversibly undergo boronate ester

formation with vicinal and 1,3-diols as well as α-hydroxy carboxylates, to form cyclic

adducts. Such systems provide access to the incorporation of reversible covalent rather

than non-covalent interactions in supramolecular chemistry,15 and may profit from the

robustness and directionality associated with covalent bonding.

Above ~ pH 4, emission from 3.1 is quenched. The authors ascribe this

phenomenon to a photoinduced electron transfer (PET) process involving the 3° amine

group. The unusually low pKa of the corresponding ammonium ion was explained in

terms of a dative B-N interaction that does not interfere with the PET event. The addition

of (D)-glucose (3.2) or (D)-fructose (3.3) to 3 . 1 produces a large fluorescence

enhancement (I/I0 ~ 10), which is rationalized in terms of a strengthening of the B-N

interaction upon boronate ester formation. Saccharide-derived boronate esters are known

to be more Lewis-acidic than the corresponding boronic acids, presumably because of

enforced tetrahedral geometry at boron, which is expected to the increase s-character of

the empty orbital on B. Recent potentiometric16 and 11B NMR studies17 have shown that

similar B-N interactions are very weak or nonexistent in aqueous solution and that 3.1
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most likely exists as the solvated ion pair 3.1a, which opens up debate regarding the

interpretation of this and related systems.
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Figure 3.1. LS fluorescence chemosensor for saccharides based on reversible covalent
bond formation. Emission from the anthracene linked aryl-boronic acid chemosensor 3.1
is enhanced roughly 10-fold upon boronate ester formation with (D)-glucose (3.2) and
(D)-fructose (3.3) in water.14 Fluorescence enhancement is attributed to an inhibition of
photoinduced electron transfer (PET) quenching. Recent results suggest that B-N
interactions are very weak in aqueous solution, and that 3.1 is best represented in the
zwitterionic form 3.1a.

The IDA approach was popularized by Anslyn6 and others18,19 and has since been

widely implemented in sensor design.20-23 An early example involves the receptor 3.4,

containing a hexasubstituted benzene (pinwheel) core and three guanidinium groups that

preferentially reside on the same face of the benzene ring.24 This defines a somewhat

rigid cleft, which binds the fluorescent indicator 5-carboxyfluorescein (3.5) with a Kassoc.

of 4.7 × 103 M-1, causing an increase in both fluorescence and absorbance intensities. This
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spectral modulation of 3.5 upon binding is explained in terms of a change in the

protonation state upon complex formation (see Scheme 3.2). The receptor 3.5 has also

been shown to possess a high affinity (Kassoc. = 2.9 ×  105 M -1) for the tricarboxylate

citrate25 (3.6) in 3:1 H2O:MeOH at pH 7.4, which allows for indirect spectroscopic

monitoring of the association of 3.4 and 3.6 through competitive binding. Addition of 3.6

to the 3.4:3.5 complex results in displacement of 3.5 from the receptor and regeneration

of its spectral properties, thus allowing for the quantification of unknown 3.6 samples

using an empirically determined calibration curve. This system was demonstrated to be

selective enough for accurate analysis of citrate concentration in common beverages.24

Both LS and IDA strategies have been applied successfully to the design of a

great number of chemosensors.3-10,26 The linked subunit approach benefits from

conceptual simplicity, robustness, and relative ease of system analysis. Conversely, the

modular nature of the IDA strategy circumvents synthetic difficulties associated with

optimal attachment of signaling and recognition subunits and facilitates independent

optimization of components. Additional strategies for chemosensor design using

functionalized nanoparticles27 and catalytic signal amplification28 by the analyte have

recently emerged. Each of the many possible sensor design strategies has its own set of

advantages and limitations, and one is not generally thought of as being superior to the

others in all instances. The design of a chemosensor that displays sufficient sensitivity

and selectivity for a given application necessitates careful consideration of the specific

factors at hand, creativity and intuition, and judicious choice of the overall approach.
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Scheme 3.2. IDA for the determination of citrate. The tris-guanidinium receptor 3.4
associates with the indicator 5-carboxyfluorescein (3.5) to effect large absorbance and
fluorescence enhancements. Addition of citrate (3.6) displaces 3.5 from the receptor,
which modulates the optical signal. This method was used to accurately determine the
concentration of 3.6 in a number of beverages. The structure of an analog of 3.6 (lacking
the hydroxyl group) bound to 3.4 is drawn from X-ray coordinates.25

3.1.2 Chemosensors Based on Metal Coordination

The incorporation of metal-containing receptors into chemosensors based on both

the LS and IDA paradigms provides access to detection methods for a range of Lewis-

basic analytes that are amenable to competitive solvents. The advantages of coordinative

interactions in aqueous molecular recognition (stability, directionality, ease of
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incorporation of auxiliary interactions,) are readily transferred to molecular sensing by

this approach. Because of their rapid and reversible exchange kinetics, high

solubility/oxidative stability and versatile coordination properties, Cu(II) and Zn(II) have

been most widely employed for such purposes. The coordination preferences of these

ions in particular with respect to utility in metallosupramolecular applications are

discussed at the end of section 1.2.2.

The anthracene functionalized Zn(II) complex 3.7 (Figure 3.2) has been shown by

Fabbrizzi to function as a highly selective LS chemosensor for zwitterionic form of the

α-amino acid Trp in EtOH solvent.29 The open coordination site on the tren-derived

Zn(II) complex serves as a recognition subunit for carboxylate groups, while the

anthracene modules function as fluorescent signaling subunits. The affinities of 3.7 for

the natural α-amino acids were quantified using UV-vis spectrophotometry by non-linear

regression of the absorbance changes of the π-π* signal of 3.7 (centered around 350-400

nm) upon titration of the amino-acid guest. The Zn(II) complex was found to selectively

coordinate the aromatic amino acids Trp and Phe (logKassoc. 4.48 and 4.21, respectively)

over the other amino acids examined by over an order of magnitude. Molecular

mechanics calculations suggest that this selectivity arises as a result of favorable

solvophobic interactions between the residues of Trp or Phe and the aromatic signaling

subunits of 3.7.

As a fluorescence sensor, 3.7 is exclusively responsive to Trp, which induces static

quenching of the anthracene fluorescence by a proposed photoinduced electron transfer

(PET) mechanism, giving a Kassoc that is in accord with that obtained from the absorbance
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studies. Support for the PET mechanism was obtained from the observation of full

fluorescence intensity of the complex 3.7:Trp in an ethanol glass at 77 K. PET processes

generally require rapid rearrangement of the solvent to stabilize the D+-A- ion pair, and so

the revival of fluorescence emission in a glass implicates a PET quenching mechanism.30

Despite the equally strong affinity of 3.7 for Phe, the lesser oxidation potential of the

phenyl group over the indole group entirely prevents PET signaling of Phe binding. It is

noteworthy that the highly selective response of this system arises not only from selective

molecular recognition, but also from selective electronic interactions between the

substrates and the signaling subunit.
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Figure 3.2. Fluorescent LS chemosensor for Trp. Chemosensor 3.7 contains a
coordinatively unsaturated Zn(II) center (recognition subunit) and anthracene arms
(signaling subunits). The complex binds α-amino acids through their carboxyl-termini,
with selectivity for Trp and Phe. As a fluorescence sensor, high selectivity for Trp in
EtOH is observed because the indole group acts as a photoinduced electron transfer
donor, which quenches the anthracene emission in a static sense.29

In the context of the IDA paradigm, metal-ligand interactions are particularly

attractive because many optical indicators are available that undergo large spectral shifts

upon metal coordination.6,20-23 The magnitude of the spectral difference between the free
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chemosensor and the chemosensor-analyte complex is known as “dynamic range,” and

increased dynamic range generally lowers the error of the analysis. Anslyn has reported a

colorimetric IDA comprised of the receptor 3.8 and the indicator pyrocatechol violet (3.9)

that is selective for Asp (Scheme 3.3).31 Upon formation of the receptor-indicator

complex 3.8:3.9 in 1:1 MeOH:H2O solvent buffered to pH 7.4, 3.9 undergoes a dramatic

bathochromic, visible absorbance shift from yellow (λmax 445 nm for 3.9) to blue (λmax

647 nm for 3.8:3.9). Addition of a variety of Lewis-basic analytes including carboxylates,

amines and α-amino acids resulted in displacement of 3.9 from 3.8, which occurs with

regeneration of the original yellow color. Using a competitive association model,32

displacement isotherms were fit to obtain host-guest binding constants. The receptor 3.8

exhibits nearly an order of magnetude preference for Asp over other amino acids studied,

including Glu, which varies from Asp by only a methylene group. Secondary hydrogen-

bonding interactions between the guanidinium groups of 3.8 and the carboxylate residue

of Asp are implicated by near identical affinities of a control receptor that lacks

guanidinium groups for Asp and Glu, as well as by molecular modeling.



150

Scheme 3.3. Colorimetric IDA for Asp. The Zn(II)-containing receptor 3.8 and the
colorimetric indicator 3.9 associate in 1:1 MeOH:H2O at pH 7.4 to affect a large visible
color shift in 3.9 (λmax 445 nm → 647 nm). Addition of Asp displaces 3.9, giving rise to a
colorimetric response. Secondary hydrogen-bonding/charge-pairing interactions between
the guanidinium groups of 3.8 and Asp are thought to be responsible for selectivity for
Asp.31

Amino acids21,22,31 represent just one class of substrates that have been targeted

using metal-containing chemosensors. The versatility of metal ions to provide and/or

organize well-defined binding sites offers the possibilities for sensing a wide range of

important analytes, including phosphate esters,20,23 carboxylates,24,33 amines,34

sacharrides,35 N-heterocycles36 and many complex inorganic anions.37 Further, the

development of selective optical sensors for metal ions is a distinct but related field that

is of great interest for biological and environmental applications.38
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3.1.3 Optical enantiosensors

The tremendous and far-reaching importance of enantiomerically enriched

substances has generated intense interest in the advancement of rapid and efficient means

of enantiomeric excess (ee) determination.49-45 In particular, the growing need for

materials of high chiral purity has driven the extensive development of catalytic

asymmetric methodologies. The rational design of highly enantioselective catalysts

through a trial and error approach is encumbered by the fact that a small energy

differences in (diastereomeric) transition states correspond to substantial differences in

enantiomeric excesses (ees) of products. Accordingly, combinatorial synthetic strategies

for the identification of optimal catalytic systems (both man-made and biocatalytic) are of

active interest (see Scheme 3.3). In screening large libraries of potentially

enantioselective catalysts within parallel reaction arrays, analysis of product ee (and to a

lesser extent, reaction yield) becomes very labor-intensive, and can easily represent the

“bottle neck” process. A great number of high-throughput ee screening methods, which

induce diastereomeric interactions and utilize a range of detection methods have been

explored to address this problem, although the achievement of true high-throughput

capability (i.e. many thousands of samples per day) remains a challenging goal.
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Scheme 3.4. Combinatorial asymmetric synthesis. Each member of a large library of
potentially enantioselective catalysts are arranged into an array of small reaction vessels,
and a reaction of interest is run in parallel. The identification of the best library members
then becomes a high throughput analysis problem, in which many total concentration and
enantiomeric excess measurements are required.

Traditional methods for the determination of ee include analysis of optical

rotation and chromatographic separation of enantiomers using a chiral stationary phase.

Neither of these is considered to be amenable to high-throughput analysis. Generally,

polarimetry suffers from low sensitivities and requires very high sample purity. The use

of chiral chromatography entails physical separation of the enantiomers, and must be

carried out in series. This imposes inherent capacity limitations, although these may be

expanded somewhat through the use of a modified chromatography apparatus and

automated sampling equipment.39 Rapid ee screening of various substrate classes has

been pursued using a number of alternative methods, including mass spectrometry,46,47

capillary electrophoresis,48 circular dichroism,49 enzymatic kinetic resolutions,50,51 doped

polymer films52 and liquid crystals,53,54 polymer adsorption,55 reaction microarrays56 and

biofunctionalized nanomechanics.57 Invariably, such methods must involve the generation

of diastereomeric interactions in order to differentiate enantiomers as well as some

spatially
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signaling mechanism so that the differentiated isomers may be observed. While many

inventive examples have been reported, most require covalent modification of the

analyte, are narrow with regard to substrate scope and/or require specialized equipment

or techniques.

Optical, enantioselective molecular sensors (enantiosensors) are particularly well

suited for high-throughput ee determination in the context of combinatorial asymmetric

reaction development.39,41,42,58 The the utilization of homogenous, molecular sensors

within large reaction arrays is operationally simple, as no exotic techniques or highly

specialized equipment is required.  Importantly, optical (colorimetric or fluorometric)

signals are easily processed in large number; using multi-well plate spectrophotometry,

many thousands of measurements can routinely be made within a single day. In addition,

the creation of enantiosensors that display sufficient levels of chemo- and

enantioselectivity may allow for accurate yield and ee information to be obtained directly

from crude reaction mixtures, thus minimizing or obviating processing requirements. In

light of these advantages, the design of highly functional enantiosensors is seen as a

promising pursuit with regard to the facilitation of combinatorial asymmetric methods.

A central requirement for efficient molecular enantiosensing is highly

enantioselective molecular recognition. Not long after the inception of molecular

recognition, it was appreciated that appropriately designed chiral receptors are capable of

discriminating between enantiomeric substrates.59 The first example of enantioselective

molecular recognition was provided by Cram,60 who demonstrated that the chiral crown

ether (S)-3.10, preferentially partitions the (R)-enantiomer of α-methylbenzylammonium
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(3.11) hexafluorophosphate from water into chloroform by inclusion of 3.11 into the

chiral cavity of (S)-3.10. The (S)-3.10:(R)-3.11 complex was reported to be of ~ 0.27

kcal⋅mol-1 greater stability than the diastereomeric complex (S)-3.10:(S)-3.11, and this

and related systems were used to partially resolve racemic mixtures.
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Figure 3.3. Early examples of enantioselective molecular recognition. The chiral crown
ether (S)-3.10 was developed by Cram and demonstrated to preferentially partition (R)-
3.11 over (S)-3.11 from water into CHCl3.60 Enantioselective anion recognition was
achieved by Lehn and de Mendoza using the chiral guanidinium cleft (S)-3.12 to
discriminate the enantiomers of 3.16 in CHCl3.61

Abiotic enantioselective molecular recognition was expanded upon to target

anions through the use of the chiral guanidinium-centered cleft (S)-3.12, which is derived

from Asn.61 Many substrates containing both carboxylate groups and hydrophobic π-

surfaces (3.13-3.16) are quantitatively extracted from water into chloroform by

association with (S)-3.12, and are observed by 1H NMR to form well ordered complexes

involving π-π interaction with the napthyl arms of (S)-3.12. In addition, chiral guests,
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such as 3.15 and 3.16 form spectroscopically distinct diastereomeric complexes with (S)-

3.12. Although natural, zwitterionic α-amino acids are not extracted, the (L)-enantiomer

of N-acetyl-Trp is observed by 1H NMR to associated with (S)-3.12  about twice as

strongly with as (D)-N-acetyl-Trp (Kassoc. of 1050 M-1 and 535 M-1 in chloroform for (L)-

and (D)-enantiomers, respectively).

The fundamental importance of chirality throughout the chemical enterprise has

encouraged the expansion of artificial enantioselective molecular recognition.

Enantiomeric discrimination of a large number of biologically important substrate classes

under a range of conditions has been achieved.62-68 Additionally, the thermodynamic state

functions associated with some enantioselective recognition processes have been

delineated,69,70 which holds promise in providing increased insight into the design of

systems of increasing selectivity.

Due to their biological significance, α-amino acids in aqueous media are

considered highly desirable targets for enantioselective molecular recognition and

sensing. The challenges associated with discriminating these zwitterionic substrates in

highly competitive media with rationally designed receptors have largely encouraged

instead the pursuit of amide or ester derivatives.53,56,64,71 One notable exception reported

by Chin72 further highlights the utility of coordinatively unsaturated metal complexes as

molecular receptors. The chiral Co(III) complex (R)-3.17 presents two open coordination

sites within a highly asymmetric environment, which promotes a significant chiral bias

with respect to the chelation of α-amino acid substrates. Amino acids are known to

readily form well-ordered, cyclic chelates with metal ions, by simultaneous coordination
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of both the amino and the carboxyl termini.73 On the basis of observed preferences of bis-

α-amino acid metal complexes to adopt a configuration in which the two carboxylate

ligands reside in a trans relationship, the authors anticipated that an amino acid guest

would coordinate to (R)-3.17 with the configuration shown in Scheme 3.4. Molecular

modeling of ternary amino acid complexes suggest that complex stability should depend

considerably on the absolute configuration of the amino acid, with roughly a 3 kcal⋅mol-1

preference for the (D)-enantiomer calculated for the case of Ala. Diastereomeric

complexes formed by chelation of enantiomers of hydrophobic amino acids were readily

observed by 1H NMR, and competition experiments confirmed that (R)-3.17 preferably

complexes amio acids of (D) configuration. Further, the less–stable (L)-complexes could

be epimerized to the more-stable (D)-complexes by addition of NaOD in D2O, while the

(D)-complexes were found to be entirely stable under the same conditions.

This system demonstrates that coordinatively unsaturated metal complexes hold

strong potential to act as enantioselective receptors for free amino acids. The high level

of selectivity for Ala is particularly impressive in light of the small steric demand of the

methyl group side chain. In later work, the relative energies of these complexes were

computed using ab initio and density functional theories with results in reasonable

agreement with the preliminary mechanics calculations.74 While impressive selectivity is

achieved, the kinetic inertness of the Co(III) ion limits the utility of this system for

sensing applications. This issue was addressed to some extent by replacement of Co(III)

with the kinetically labile Zn(II) ion. The corresponding Zn(II) complex retains

enantioselectivity towards Ala as well as other substrates.74
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Scheme 3.5.  Enantioselective metalloreceptor mediates the base-promoted
stereochemical inversion of amino acids in water. The chiral Co(III) complex (R)-3.17
preferentially binds hydrophobic amino acids of (D)-configuration. Complexes with (L)-
amino acid guests may be isomerized to the more stable epimer at high pH.72.74

The LS approach has been by far the most prevalent paradigm employed in the

design of optical enantiosensors.75-88 Several examples pertaining to the enantioselective

discrimination of biologically important substrates or their derivatives, using both

fluorescent and colorimetric signals are presented in Figure 3.4. One of the first optical

enantiosensors was reported by Shinkai over a decade ago.75 Similar to the LS

chemosensor 3.1 (Figure 3.1), the binaphyl-linked bis-boronic acid 3.18 functions as a

fluorescence sensor for saccharides by inhibition of PET self-quenching upon boronate

ester formation. In 3:1 H2O:MeOH at pH 7.8, enantiomeric monosaccharides were

examined which exhibited different affinities for 3.18 (as high as KL/KD = 3.2 for fructose

(3.3)), and fluorescence responses (as high as IL/ID = 1.9 for glucose (3.2)).

The chiral, indophenol-containing calix[4]crown bicycle 3.19 was shown to

function as a colorimetric enantiosensor for some amine containing guests in ethanol.76

The free host (3.19) is red in color (λmax = 515 nm). Upon addition of amine guests, a

bathochromic shift to 538 nm and the appearance of a new absorbance band at 653 nm is
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observed. In the case of the guests phenyl-glycine (3.20) and phenyl-glycinol (3.21), this

process occurs enantioselectively, leading to visual color differences between the

enantiomers. The signal response is interpreted as resulting from proton transfer from an

indophenol unit of 3.19 to the amine group, thus creating an ion pair. The nascent

ammonium ion resides within the chiral crown ether-containing cavity, which imparts

chiral selection. In the case of (R)-3.21, a dramatic absorbance modulation is observed

while the enantiomer (S)-3.21, induces almost no spectral change. Using the method of

Benesi and Hildebrand, association constants of less than 100 M-1 for the stronger-binding

enantiomer were observed. More modest colorimetric discrimination between the

enantiomers of 3.20 (employing solid-liquid extraction of the guest) was observed

although the method was not successfully extended to simple α-chiral primary amines or

natural α-amino acids.

A similar strategy was used for colorimetric enantiosensing of amine-

functionalized amino-esters. The chiral crown ether containing phenolphthalein

derivative 3.22 is capable or producing large color differences in response to enantiomers

of the Ala derivative 3.23 in MeOH with a large excess of N-ethylpiperidine.77 The

enantioselectivity factor for the binding of 3.23 by 3.22 is over 6:1 in favor of (R)-3.23,

although this value is heavily dependent upon the length of the n-alkyl amine chain. The

signaling mechanism is likely similar to that of 3.19, in that a Brønsted acid-base reaction

between the chromophoric signaling subunit of 3.22 and the amine group(s) of the

analyte produces the absorbance modulation. In this case, 3.22 is colorless but develops a

deep pink color (λmax ~ 570 nm) upon formation of the highly conjugated dianion in
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which the lactone is fragmented.78 The system was optimized through variation of the

size and nature of the chiral crown ether moieties as well as the length of the diamine

linker. In later work, a linear A-ee correlation was determined and the range of substrates

was expanded somwhat.79

Pu has explored enantioselective fluorescence sensing of α-chiral carboxylic acids

using binol-based chemosensors.80-83 The binol scaffold is of particular utility for

enantiosensing applications because it can impart chiral bias and at the same time

function as a fluorescent signaling signaling subunit. Recently, the macrocycle 3.24 has

been used for the highly enantioselective fluorescence sensing of mandelic acid (3.25) in

benzene.83 Association of (R)-3.25 to 3.24 likely involves hydrogen-bonding and/or

proton transfer to the amine groups, which lowers the energy of the amine lone pair

electrons and inhibits PET self-quenching of the binaphyl fluorophore (reminiscent of

3.1 and 3.18). The addition of (S)-3.25 to (S)-3.24 results in large fluorescent

enhancements, while (R)-3.25 induces almost no response. For this system, a dramatic

response selectivity factor (IS/IR) of 46 is reported.
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Figure 3.4. Selected optical enantiosensors (with analytes) based on the LS paradigm.

While many LS enantiosensors have demonstrated the ability to optically

discriminate enantiomeric analytes,75-77,79-89 several disadvantages inherent to the overall

design strategy are apparent. The synthetic effort involved in the development of these

and related LS systems and is generally quite high, as the optimal arrangement of the

signaling and enantioselective recognition subunits is rarely obvious from the outset. In

most cases, LS enantiosensors must be optimized through trial and error, in which the
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structures of the subunits as well as their mode of covalent attachment are varied. Such

processes are labor intensive and may require the application of entirely new synthetic

strategies. Additionally, in many cases the substrate scope is quite narrow and the binding

events are often based on proton transfer processes, which renders the systems highly

sensitive to pH effects.

Although optical enantiosensing has been pursued for over a decade, the

application of the IDA approach within this context was not reported until quite

recently.90 Because of the multi-component nature of the IDA, the development of

enantiosensors utilizing this method is expected to require significantly less synthetic

labor than the development of those built on the LS paradigm. The modular nature of the

IDA facilitates modification of the output signal (wavelength, absorbance/fluorescence)

and/or the selectivity if the through interchange of the components.

The first enantioselective IDA was reported by Anslyn in 2004 for colorimetric

discrimination of the enantiomers of α-hydroxy carboxylates in 3:1 MeOH:H2O, at pH

7.4.90 The enantioselective receptor in this assay is the aryl-boronic acid (S)-3.26, which

contains a C2-symmetric pyrrolidine-derived chiral auxiliary. The receptor (S)-3.26

undergoes reversible boronate-ester formation with pyrocatechol violet (3.9), and in

doing so induces a modest bathochromic shift in the absorbance profile of 3.9 (λmax 445

→  480 nm). The introduction of phenyl-lactic acid (3.27) to the receptor-indicator

complex (S)-3.26:3.9 establishes competition between 3.9 and 3.27 for (S)-3.26, and with

increasing concentration of 3.27, 3.9 is displaced from (S)-3.26:3.9. The displacement of

the indicator 3.9 results in the reverse absorbance modulation observed upon indicator
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binding (λmax 480 → 445 nm). Depending on the absolute configuration of 3.27, one of

two diastereomeric boronate-ester complexes, (S)-3.26:(D)-3.27 or (S)-3.26:(L)-3.27 will

be formed. Assuming sufficient differences in the thermodynamic stabilities of (S)-

3.26:(D)-3.27 and (S)-3.26:(L)-3.27, they should exist at different concentrations at a

given concentration of (S)-3.26, 3.9 and 3.27. This implies that the enantiomer of 3.27

that forms the more stable diastereomeric complex with (S)-3.26, will displace 3.9 more

efficiently, thus leading to different optical responses between the enantiomers.

Scheme 3.6. The first reported enantioselective IDA. The chiral receptor (S)-3.26
associates with the indicator 3.9, inducing an absorbance shift. Addition of the analyte
3.27, displaces the indicator from the complex, and forms diastereomeric receptor:analyte
complexes. The ability of 3.27 to displace 3.9 is related to the stability of the complex
that it forms with (S)-3.26, which is determined by the absolute configuration of 3.27.
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The enantioselective displacement of 3.9 from the (S)-3.26:3.9 complex by the α-

hydroxy-carboxylates 3.25 and 3.27-3.30 was monitored by UV-vis spectrophotometry.

The best enantioselectivity was determined in the case of 3.27, with an observed

selectivity factor KS/KR of ~ 3, and maximum ΔA values of 0.27 between the

enantiomers. Smaller selectivities were found for the 3.25, 3.28 and 3.29, while 3.30,

which contains the small methyl group, could not be distinguished by this method.

This example was extended to allow for the theoretical prediction of ee vs. A

relationships by considering the network of simultaneous equilibria presented in Scheme

3.5.90 The system can be described as a series of eight equations: three association

equilibria (for association of the receptor (S)-3.26 with the indicator (3.9) and each of the

two analyte enantiomers); three mass balance equations (for (S)-3.26,  3.9 and the

analyte), The Beer-Lambert law for the solution and the definition of ee in terms of

analyte concentrations. Each of the equilibrium constants, as well as the extinction

coefficients for 3.9 and (S)-3.26:3.9 were determined through spectrophotometric

titrations, the total concentrations of (S)-3.26 and 3.9 are known, and the total

concentration of the analyte is determined from an IDA using the achiral receptor 3.31.

With the help of commercially available software, these relationships and values allow

for the derivation of a 4th order polynomial describing the A as a function of analyte ee.

Over a range of total analyte concentrations, the predicted absorbance values were found

to be in very good agreement with those determined experimentally. This allows for the

measurement of total analyte concentration and ee without empirical determination of an

ee vs. A calibration curve.  This theoretical analysis allowed for the quantification of both
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total concentration and ee  of unknown 3.27 samples with 10% and 20% error,

respectively.90

In later work,91 the system was extended for the analysis of vicinal diols (3.32)

and the use of the fluorescent indicator 4-methyl escaletin (3.33). This allowed for ee

errors to be minimized to < 10% for the analysis of 3.27 and 3.33 samples without

determination of a calibration curve. The ability to circumvent the requirement of

calibration curve determination is considered to be a major advantage for the high

throughput screening applications.

Figure 3.5. Extensions of boronate-based enantioselective IDA. The achiral receptor
3.31 was used to quantify total analyte concentration for use in later ee analysis. Chiral
vicinal diols such as trans-hydrobenzoin (3.32) were determined. Use of fluorescent
indicator 3.33 significantly increased accuracy of the analysis. The photograph shows the
colorimetric response of an enantioselective IDA to identical concentrations of 3.32.
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3.2 Initial Efforts Toward the Development of Metal-Based Enantioselective
Indicator Displacement Assays.

Enantioselective indicator displacement assays (IDAs) employing chiral metal

complexes as receptors hold great potential for optical enantiosensing, because of high

modularity, ease of implementation and large dynamic range. Four classes of chiral metal

complexes known to function as enantioselective catalysts were evaluated as receptors

for use in enantiosensing IDAs. The majority of the resultant studies center on the use of

Cu(II) and triarylmethane-type indicators because of the large colorimetric response

associated with their interaction, and target amine- and carboxylate-containing guests. In

none of the cases studied was any significant enantioselectivity observed in indicator

displacement. For three of the four ligand classes studied, the failure to discriminate

enantiomeric analytes by IDA is ascribed to the dissociation of the metal-ligand complex

in the presence of more strongly coordinating indicators and/or analytes.

3.2.1 Concept and Design Criteria

The success with which the IDAs summarized in section 3.1.390,91 discriminate α-

hydroxycarboxylate and vicinal diol enantiomers encouraged efforts to apply this overall

strategy using alternative molecular recognition forces to target other analyte classes. The

utility of metal coordination in molecular recognition lead to the pursuit of chiral metal

complexes as enantioselective receptors within an IDA framework. This was imagined to

involve use of a chiral, polydentate ligand that chelates a metal ion to form a

coordinatively unsaturated complex. The ligand renders the local environment
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surrounding the open coordination site(s) asymmetric, and thereby provides the

possibility for enantioselective recognition. Displacement of an indicator with a chiral

substrate would be expected occur enantioselectivley, with the preferred enantiomer

being that which best complements the chiral cavity defined by the metal complex (see

Scheme 3.7).

Aside from the inherent advantages that metal coordination affords recognition

processes (strong and reversible interaction in competitive media, well-defined

coordination geometries, range of possible guest functional groups), there are several

benefits that are specific to application within an IDA. For one, the existence of many

highly sensitive metal ion indicators tends to increase the dynamic range associated with

metal-based IDAs relative to those based on other types of recognition events. This

phenomenon is expected to aid in differentiating enantiomeric analytes with potentially

similar receptor binding affinities. The availability of indicators possessing a range of

coordination affinities may also be useful, as Fabbrizzi has delineated the role of

indicator-receptor interaction strength in determining the discriminatory power of

chemosensing IDAs towards analytes of similar receptor affinities.7

Another benefit of using metal complexes as receptors in IDAs is that the overall

level of modularity of the sensing ensemble is further increased. While IDAs employing

discrete molecular receptors may be optimized by interchange of at least two components

(receptor and indicator), metal containing receptors present an additional variable

parameter (metal, ligand and indicator). While Zn(II) and Cu(II) have been most widely

applied in the context of molecular recognition, the periodic table offers a wealth of metal
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ions with widely different coordination properties. In addition, chiral ligands may be

borrowed, and perspectives may be gained from the field of asymmetric catalysis, in

which asymmetric metal complexes occupy a central role as agents to accelerate reactions

on one particular face of prochiral substrates. While the goals of the current endeavor are

distinct from those of asymmetric catalysis, stereoselective supramolecular assembly

represents an essential component of both enterprises.

Scheme 3.7. General scheme for enantioselective IDA targeting α-amino acids based
on metal coordination. The receptor is comprised of a chiral, coordinatively unsaturated
metal complex. Displacement of an optical indicator by an α-amino acid will form one of
two diastereomeric complexes based upon the chirality of analyte. At a given
concentration, the amino acid that forms the more stable diastereomer will displace the
indicator to a greater extent, thus leading to a larger signal response.

The crucial role of α-amino acids in chemistry and biochemistry has made them

popular targets for a variety of enantioselective recognition63,64,72,74,92-95 and sensing53,56,71,86-

89 schemes. While many of these are novel and produce considerable enantiomeric
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response differences, most require covalent modification of the substrate prior to analysis

by conversion to the amide or ester, and proceed in aprotic media. The ambidentate

nature of amino acids renders them versatile substrates for metal-based molecular

recognition, as they are capable of coordinating through both amino and carboxy termini.

α-Amino acids are known chelate metal ions to form rigid five-membered metallocycles

(Scheme 3.7), and such multi-point substrate organization has been discussed as requisite

to the achievement of enantioselection in both recognition95 and catalysis.96 It was sought

to exploit the multifaceted Lewis-basicity of amino acids by devising an enantiosensing

IDA for their detection based on metal coordination. This strategy was imagined to

enable colorimetric enantiodiscrimination of free α-amino acids in polar–protic media,

which may also provide entry to the enantioselective detection of peptides and other

carboxylate and/or amine containing substrates.

A survey of the pertinent literature identified work by Corradini87-89 as the most

directly relevant to our objective. He has reported the use of the Cu(II)-complex (L)-3.34

as a fluorescent LS enantiosensor for α-amino acids in water at pH 7.3 (Scheme 3.8).87

The complex (L)-3.34 is comprised of a coordinatively unsaturated Cu(II) ion

(recognition subunit), a dansyl fluorophore (signaling subunit) and an amino acid-

coupled β-cyclodextrin moiety (chiral selector). Emission from the dansyl reporter group

of (L)-3.34 is quenched by the Cu(II) ion through an energy or electron transfer process,30

and the addition of amino acids inhibits this self-quenching leading to restored

fluorescence. This effect is thought to arise from displacement of the dansyl sulfonamide

ligand from the primary coordination sphere of Cu(II) and inclusion of the fluorescent
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reporter within the β-cyclodextrin cavity upon formation of the ternary complex (L)-

3.34:AA.88 In the cases of Pro, Val, Leu, Ser, Trp and Phe the magnitude of the

enhancement is dependent on the absolute configuration of the added amino acid, with

the greatest selectivity observed for Pro (ID/IL ~ 4). In some cases the Cu(II) ion may be

entirely stripped away from (L)-3.34 at higher concentrations of amino acid, thus forming

the free ligand (L)-3.35 and the 2:1 amino acid:Cu(II) complex.88 This gives rise to

convergence of enantiomerically-induced fluorescence signals towards the end of the

titrations. This enantiosensor (L)-3.34 has been applied in rapid parallel ee determination

of unknown Pro and Val samples with approximately 6% error using multiwell plate

fluorescence spectroscopy.89

This work confirms that chiral, metal-containing receptors are suitable for

discrimination of α-amino acid enantiomers in aqueous solvents, and provides precedent

for application in rapid ee analysis. While a challenging task is successfully addressed,

several limitations associated with the method are apparent. The elaborate synthetic effort

involved in identifying the best choice of subunits and mode of their attachment

represents a drawback common to the LS paradigm. It is important to note that (L)-3.34 is

the product of several rounds of structural optimization, in which the identity and

absolute configuration of the (L)-Phe derived Cu(II)-binding fragment was modified. The

lack of enantiodiscriminatory capability of the complex (L)-3.36 demonstrates the

necessity of the β-cyclodextrin group in both signaling and recognition.88
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Scheme 3.8. β-Cyclodextrin-containing fluorescent LS enantiosensor for amino acids
based on Cu(II) coordination. The LS enantiosensor (L)-3.34 undergoes self-quenching
of emission from the dansyl group by the Cu(II) ion. For some amino acids, fluorescence
is enantioselectively enhanced upon formation of the ternary complex (L)-3.34:AA. At
high concentrations (L)-3.34 may disassociate to form (L)-3.35.

Despite these efforts, the reported substrate scope is fairly narrow and optimal

selectivities are exhibited at widely differing total guest concentrations. Additionally, the

sense of enantioselectivity in inconsistent (i. e. (L)-3.34 favors the (D)-enantiomer of Pro

and the (L)-enantiomer of Val and the lack of availability of the enantiomer of (L)-3.36

suggests that the preferences of the enantiosensor are not easily reversed.  In comparison

with other fluorescent enantiosensors, the differential responses are modest.
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3.2.2 Indicator Displacement Assays Based on Chiral C2-Symmetric Bis-oxazoline
Complexes.

Initial efforts towards the development of enantioselective, metal-based IDAs

centered on the identification of colorimetric indicators that produce sizable color

changes in response to the presence of metal ions. Because of their favorable

coordinating properties (see section 1.2.2), Zn(II) and Cu(II) were chosen for initial

screening with the indicators shown in Figure 3.6. Typically, the indicator to be tested

was dissolved at a concentration corresponding to a maximum absorbance near 1

(according to reported extinction coefficients, usually 25-50 µM) in a 1:1 MeOH:H2O

solution, which was buffered to pH 7.0 with 50 mM HEPES, and 3-5 eq. of the metal ion

(as the OTf Cl- or SO4
2- salt) was added. The absorbance modulation as evident by the

naked eye was noted. The specified solvent system was used in order to solubilize and

minimize aggregation of the organic indicators, while retaining polar-protic character. In

some instances, other less polar solvent mixtures (CH2Cl2/MeOH) were required.
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Figure 3.6. Colorimetric indicators screened for response to Zn(II) and Cu(II) salts.
The largest visual color changes were observed with 3.9, 3.39, 3.40, and 3.50.

All observed absorbance shifts upon the addition of metal ions appeared to be

bathochromic (towards longer wavelength), and changes were generally more intense in

response to Cu(II) than to Zn(II). In accordance with previous reports, the catechol-

functionalized triarylmethane indicator 3.9 underwent dramatic shifts from yellow to

deep blue. The salicylate derivatives 3.39 and 3.40 displayed similarly high dynamic

range (although with different colors) as did the naphthyl diazo dye 3.50. The

fluorescein-based indicators 3.42 and 3.43 produced small responses to Cu(II) but not

Zn(II). The indicators 3.44, 3.45 and 3.47-3.49 produced modest shifts, mainly in
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response to Cu(II), while the phenol-derived indicators 3.37, 3.38, 3.41 and 3.46 were

found to exhibit little to no color change, or precipitate upon introduction of the metal

ion. The addition of excess Val (~ 50 eq. relative to the metal ion) to the indicator-metal

complexes of 3.44 and 3.50 failed to restore the color of the free indicator, and so these

were not examined further.

The use of commercially available chiral ligands within the context of metal-

based IDAs was first examined. Evans and others have extensively used C2-symmetric

bis-oxazoline Cu(II) complexes such as (S)-3.51 as asymmetric Lewis acid catalysts for a

variety of transformations, including Michael, Diels-Alder, and ene reactions.96,97 In such

applications, bidentate, prochiral, substrates (most often β-dicarbonyls) chelate the Cu(II)

center of  (S)-3.51 and are thus activated toward nucleophilic attack.  The steric barriers

of the C2-symmetric bis-oxazoline ligand then inhibit reaction at one of the prochiral

faces. It was imagined that diastereomeric interactions upon chelation of (S)-3.51 by

enantiomeric α-amino acids might be reminiscent of those favoring a particular nascent

stereocenter in an asymmetric catalytic reaction. Assuming a square planar Cu(II)

geometry, (S)-3.51 is therefore expected to favor amino acids of (L)-configuration on the

basis of steric repulsion between the tert-butyl groups of (S)-3.51 and the side chain of

the amino acid (see Figure 3.7).

Titration of (S)-3.51 into 3.40 results in a large spectral modulation, in which the

broad absorbance band centered a 430 nm diminishes with concomitant appearance of a

sharper, intense signal centered at 591 nm (Figure 3.8A). The lack of an isosbestic point

has previously been noted in related systems, and suggests that indicator aggregation, or
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the formation of some higher-order complexes may be occurring. The absorbance

decrease at 430 nm nicely fits the 1:1 Benesi-Hildebrand model however (Figure 3.8A),

yielding a stability constant of 2.5 × 105 M-1 for the ternary complex (S)-3.51:3.40. The

displacement of 3.40 from the receptor-indicator complex (S)-3.51:3.40 by (D)- and (L)-

Val was next examined. Titration of Val into (S)-3.51:3.40 lead to the reverse spectral

changes observed for the titration of (S)-3.51 into 3.40, signaling displacement of 3.40

from Cu(II) (Figure 3.8B). Val was chosen as the amino acid of choice for preliminary

studies IDAs because the iso-propyl group is among the most sterically demanding of the

naturally occurring α-amino acids. This is expected to maximize energy differences

between diastereomeric complexes, thus facilitating  enantiodiscrimination.

(S)-3.51

N

O

N

O

CuII

2+ 2OTf-

(S)-3.51:(D)-AA

N

O

N

O

H2N O

OR

CuII

(S)-3.51:(L)-AA

N

O

N

O

H2N O

OR

CuII

repulsive steric 
interaction

more stable 
diastereomer

less stable 
diastereomer

Figure 3.7. Predicted stereochemical model for the interaction of chiral Cu(II) complex
with α-amino acids. Chelation of the Cu(II) center by amino acids of (D)-configuration is
expected to give rise to steric repulsion between the tert-butyl groups of the ligand and
the R-group of the amino acid. These interactions are evaded in the case of (L)-amino
acids.
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Figure 3.8. Absorbance modulations and isotherms for IDA involving (S)-3.51, 3.40
and Val, as receptor, indicator and analyte, respectively. A. Spectral modulations and
association isotherm at 430 nm for titration of (S)-3.51 into 3.40 (20 µM). B. Spectral
modulations and displacement isotherm at 430 nm for titration of Val (both enantiomers)
into a solution of (S)-3.51 (45 µM) and 3.40 (18 µM). Both experiments were carried out
in 1:1 MeOH:H2O, 10 mM HEPES buffer, pH 7.0.

Unfortunately, the (D)- and (L)- enantiomers of Val produced identical

displacement profiles, indicating either that the diastereomeric complexes  (S)-3.51:(D)-

Val and (S)-3.51:(L)-Val are of very similar energies, or that these ternary complexes are

not formed to any appreciable extent over the course of the titration. The substantial

inflection in the displacement isotherms at two equivalents of added guest supports the

latter conclusion, and implies that Val may be forming complexes with Cu(II) of 2:1
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(Val:Cu(II)) stoichiometry.  This is expected to occur with displacement of the chiral bis-

oxazoline selector (S)-3.52 from the Cu(II) to retain a four-coordinate metal with the

formation enantiomeric complexes (D)- and (L)-3.53, (Scheme 3.9). In pure water, 2:1 α-

amino acid complexes are known to be of considerable stability (logKβ2 ~ 15),98 while the

stability constants associated with bis-oxazoline complexes such as (S)-3.51 are

unknown.99 Oxazolines are not be expected to be particularly strong Cu(II) ligands, as sp2

hybridized N is generally less Lewis basic that sp3 hybridized N. The σ-withdrawing and

π-donating effects of oxygen, and the fact that Cu(II)-coordinated oxazoline ligands of

3.51 are incapable of dispersing positive charge through hydrogen-bonding, suggest that

(S)-3.51 may be of low stability in aqueous solvents.  Efforts to monitor the association

of Val to (S)-3.51 in the absence of an indicator by following the d-d absorbance of Cu(II)

did not yield any useful result.
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The failure this IDA to discriminate Val enantiomers prompted the investigation

of the alternative chiral substrates presented in Figure 3.9. Neither enantiomer of analytes

3.25, 3.54 and 3.55 were found to elicit any response colorimetric response, even when

added in great excess (~ 200 eq.) over the receptor-indicator complex (S)-3.51:3.40. For

these tests, the buffer concentration was increased to 50 mM in order to maintain

buffering capacity. Similar to Val, other analytes containing two strongly coordinating

groups (3.56, 3.57) displaced 3.40 very efficiently, but with no enantioselectivity.

NH2

3.54 (R)-3.56

OH

*

OH

OH

3.55

OH

OH

*

O

3.25

NH2

NH2

HO
O

O
OH

OH
HO

(D)-3.57

O
O

O
O

OH
HO

(D)-3.58

Figure 3.9. Alternative chiral analytes examined using IDAs involving (S)-3.51 and 3.40
as receptor and indicator, respectively.

Initial studies using dimethyl-tartrate 3.58 produced promising results, as the

addition of roughly 100 eq. was observed to produce large signal response differences

between the two enantiomers. This difference could be increased by substituting 3.9 for

3.40 as the indicator (Figure 3.10), although this result was soon realized to be in error, as

similar response differences were observed even in the absence of the chiral selector

(when Cu(OTf)2 was substituted for (S)-3.51). The false positive was attributed to the

presence of slight impurities (most likely 3.57) present in different amount within the

enantiomeric samples of 3.58. All of the analytes examined had been subject to
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quantitative 1H NMR determinations prior to use in IDAs, which did not detect any

difference in the (D)- and (L)- 3.58 samples.

   Before the erroneous nature of this result was realized, efforts were made to

gain insight into the supposed enantioselective binding of 3.58 by (S)-3.51. Dissolution of

Cu(OTf)2, (S)-3.52, (D)-3.58  in CH2Cl2 in a 1:1:1 ratio, followed by slow evaporation

under argon, yielded 3.59 as blue-green crystals. These were subjected to X-ray

diffraction studies yielding the structure shown in Figure 3.10. The complex 3.59 exhibits

a rod-like structure that is roughly 1.64 nm in length. The structure contains four Cu(II)

ions, each exhibiting distorted square-pyramidal geometry. The terminal Cu(II) centers

are ligated by (S)-3.52, in addition to carbonyl and alkoxide ligands of  (D)-3.58, while

the internal Cu(II) ions are entirely ligated by (D)-3.58. All of the hydroxyl groups of (D)-

3.58 are ionized and act as µ-bridging alkoxides. One triflate ligand is coordinated to

each of metal ions, occupying apical and basal sites on terminal and internal Cu(II)

centers, respectively.  Despite the low relevance of this structure to the problem at hand,

The complex 3.59 presents the µ-bridged, dinuclear core within a distinctively chiral,

near-C2 symmetric environment (see bottom right of Figure 3.10) which could be

applicable to asymmetric catalysis, or chiral metallorecognition in non-polar media.



179

Figure 3.10. Views of 3.49. In the ORTEP diagram, the displacement ellipsoids are
scaled to 30% probability, and the methyl carbons of the tert-butyl groups of (S)-3.52, the
fluorine atoms of OTf ligands and most hydrogens have been removed for clarity. In the
stick and space-filling models, hydrogens have been removed and (D)-3.58 ligands have
been colored green.

The hypothesized dissociation of (S)-3.51 when employed as an enantioselective

receptor for amino acids encouraged the pursuit of more robust chiral metal complexes.

In a direct extension of our initial attempts, the tridentate pyridine-2,6-bisoxazoline Cu(II)

complexes (S)-3.60 and (S)-3.61 were considered. The introduction of a central pyridine

fragment was anticipated to significantly increase the stability of these Cu(II) complexes
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enantioselective Lewis-acid catalysts, and their syntheses and solid-state structures had

been established.100 Importantly, the reported crystal structure96 of the aquo-complex and

those containing other coordinating groups demonstrate pentacoordinate (distorted square

pyramidal) metal geometry, which implies that α-amino acids, and other bifunctional

substrates may chelate, and form rigid ternary complexes.

Scheme 3.10. Synthesis of chiral C2-symmetrical pyridine-2,6-bis-oazoline. Structure of
(S)-3.64 drawn from X-ray coordinates reported in reference 96. Reagents and
conditions: (i.) CH2Cl2, Et3N, 0°C (ii.) S(O)Cl2, CH2Cl2, Et3N, Δ (iii.) NaH, THF, 0 °C,
recryst.

The chiral pyridine-2,6-bis-oxazoline (S)-3.62 and (S)-3.63 ligands were prepared

from β-amino alcohols in accordance with literature procedures.101,102 Pyridine 2,6-diacid
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β-amino alcohol to give the respective pyridine-2,6-diamides ((S)-3.66 or (S)-3.67). The

hydroxyl groups of the product were then converted to alkyl chlorides by treatment with

thionyl chloride. Cyclization of the pyridine 2,6-bis-β-chloroamides (S)-3.68 and (S)-3.69

to bis-oxazolines (S)-3.62 and (S)-3.63, respectively was effected with NaH at 0 °C.102

In 1:1 aqueous methanol solution the ligands (S)-3.62 and (S)-3.63 exhibit UV

absorbance maxima centered at around 285 nm.  The high molar absorbtivity of the

ligands (ε ~ 5000 M-1) allows for spectroscopic monitoring of Cu(II) complexation in the

absence of an exogenous indicator. Up to 0.5 equivalents, titration of Cu(OTf)2 into a

0.25 mM solution of (S)-3.62 results in a diminishing of the absorbance maximum at 285

nm, and a growing in of a shoulder at around 305 nm with an isosbestic point at 300 nm

Figure 3.11A). After 0.5 eq. of added Cu(II), the spectra exhibit global hyperchormic

effects, which persists beyond one eq. and likely results from a non-specific process.

Accordingly, the titration isotherm shows a sharp break at 0.5 eq., which is rationalized

by the initial formation of the 2:1 ligand metal complex (S)-3.70 (Scheme 3.11), when

the ligand (S)-3.62 is in excess early on in the titration; followed by possible formation of

the desired (S)-3.60 at Cu(II):(S)-3.62 ratios closer to unity. It seems reasonable to assume

that the absorbance profiles of (S)-3.60 and (S)-3.70 may be indistinguishable. Further

support for this hypothesis is derived from the fact that (S)-3.70 has been observed by X-

ray crystallography.96
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Figure 3.11. Monitoring Cu(II) complexation and interactions with amino acids of the
pyridine-2,6-bis-oxazoline system. A. Spectral modulations and coordination isotherm at
306 nm for titration of Cu(OTf)2 into (S)-3.60 (250 µM). B. Spectral modulations (for (L)-
Val) and displacement isotherm at 306 nm for titration of Val (both enantiomers) into a
solution of Cu(OTf)2 (150 µM) and (S)-3.60 (155 µM) Both experiments were carried out
in 1:1 MeOH:H2O, 10 mM HEPES buffer, pH 7.0.
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Scheme 3.11. Explanation of coordination isotherm shown in Figure 3.11A. The
presence of 0.5 equivalents of Cu(II) relative to (S)-3.62 encourages the formation of (S)-
3.70, while a 1:1 ratio may encourage the formation of (S)-3.61. The structure of (S)-3.70
in drawn from X-ray coordinates reported in reference 96, and one of the (S)-3.62 ligands
is colored green for clarity.

It was thought that formation of diastereomeric ternary complexes of (S)-3.60 and

amino acids could be also directly monitored by following the ligand absorbace. Titration

of Val enantiomers into a 1:1 mixture of (S)-3.60 and Cu(OTf)2 resulted in the opposite

qualitative spectral modulation, with the isosbestic point ay 300 nm (Figure 3.11B). No

significant difference between the enantiomeric titration profiles is observed, which

suggests that the amino acids may cause the disassociation of (S)-3.60 in a manner

analogous to that shown for (S)-3.51 in Scheme 3.9. An alternative explanation of the

data presented in Figure 3.11, which appears less plausible, is that the desired
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diastereomeric ternary complexes ((S)-3.60:Val) are formed, but coincidentally are of

similar energies and both have UV-spectra identical to the free ligand (S)-3.60.

Despite the apparent failure of (S)-3.60 to enantioselectively recognize Val as

shown in Figure 3.11, attempts were made to incorporate both (S)-3.60 and (S)-3.61 into

a number of enantioselective IDAs. Titration of either of these complexes into the

colorimetric indcators 3.9 or 3.40 produced large absorbance changes typical for the

association of Cu(II) ions to these complexes. In the case of the indicator 3.9, absorbance

modulations were fit to the 1:1 binding algorithm to give association constants for (S)-

3.60 and (S)-3.61 of 3.3 ×  104 (Figure 3.12A,B) and 2.1 × 104, respectively. Small

absorbance changes were observed even upon addition of 10 eq. of (S)-3.60 to 3.42

(Figure 3.12C). The binding of the Zn(II) analogs of (S)-3.60 and (S)-3.61 to these and

other indicators was investigated, but absorbance shifts were considerably less

pronounced, and the spectra of the receptor-indicator complexes were very broad and

often kinetically unstable.

A few representative IDA isotherms, with control isotherms obtained in the

absence of the chiral selectors are shown in Figure 3.12 D-F. IDAs were constructed

using different permutations of pyridine bis-oxazoline-Cu(II) receptors ((S)-3.60 and (S)-

3.61), triarylmethane indicators (3.9 and 3.40) and the chiral analytes presented in Figure

3.9, but in no case was reproducible enantiodifferentiation achieved. The presence of the

chiral ligands was observed to have an effect on most indicator displacement processes

however, as indicator were often displaced more readily in control IDAs carried out in

the absence of the chiral selectors (see Figures 3.12 D and E).
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Figure 3.12. Various IDA experiments involving (S)-3.60 and (S)-3.61. A. Spectral
modulations and B. coordination isotherm at 445 nm for titration of (S)-3.60 into 3.9 (38
µM); (1:1 MeOH:H2O, 5 mM HEPES buffer, pH 7.3). C. Spectral modulations for
titration of (S)-3.60 into 3.42 (25 µM); (1:1 MeOH:H2O, 5 mM HEPES buffer, pH 7.1).
D. Displacement isotherms at 590 nm for titration of 3.54 (both enantiomers) into 3.40
(41 µM) and (S)-3.60 (42 µM); (1:1 MeOH:H2O, 25 mM HEPES buffer, pH 7.1). E.
Displacement isotherms at 446 nm for titration of Val (both enantiomers) into 3.9 (39
µM ) and (S)-3.61 (78 µM); (1:1 MeOH:H2O, 25 mM HEPES buffer, pH 7.3). F.
Displacement isotherms at 445 nm for addition of 3.57 (both enantiomers) into 3.9 (39
µM) and (S)-3.61 (78 µM); (1:1 MeOH:H2O, 25 mM HEPES buffer, pH 7.3). “Control”
refers use of Cu(OTf)2 in place of chiral Cu(II) complex.
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3.2.3 Indicator Displacement Assays Based on Other Known Chiral Catalysts.

In addition to the C2-symmetric bis-oxazoline Cu(II) complexes (S)-3.51 and (S)-

3.60, other chiral catalysts were evaluated as enantioselective receptors for use in IDAs.

Tetradentate salen ligands such as (R)-3.71 (Figure 3.13A), have found wide application

as asymmetric catalysts.103,104 The Cu(II)105 ad Fe(III)106 complexes (R)-3.72 and (R)-3.73

were prepared according to literature precedent and were found to be insoluble in the 1:1

MeOH:H2O solvent systems, which are commonly employed in the IDAs. Aqueous

solvents are preferred because they facilitate rapid and reversible ligand exchange, and

mediate proton-transfer events involved in switching between distinct chromophoric

states of metal ion indicators. Other mixed-aqueous solvent systems were explored

containing higher fractions of methanol and other miscible solvents such as para-

dioxane, THF and MeCN in order to solubilize (R)-3.72 and (R)-3.73. Under such

conditions, little or no interaction with colorimetric indicators was observed, and those

interactions observed were kinetically inhibited, taking in some cases ~ 30 minuets to

reach completion. These characteristics are thought to be manifestations of the lower

overall cationic charge, high degree of steric hindrance, and coordinative saturation

associated with these complexes, as well as the relatively low solvent polarity. In non-

aqueous solvent systems (1:1 MeOH:CH2Cl2) most indicators slowly degraded upon

addition of (R)-3.72, although clean association of (R)-3.72 and 3.40 was observed. The

indicator 3.40  was displaced by 3.25 and 3.54 , albeit sluggishly and without

enantioselectivity (Figures 3.13B and C). Because of poor solubility, displacement by α-

amino acids was not examined.
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Figure 3.13. Non-aqueous IDAs involving the salen Cu(II) complex (R)-3.72. A.
Structures of salen ligand and metal complexes. B. Spectral modulations and
displacement isotherm at 588 nm for titration of 3.54 into (R)-3.72 (28 µM) and 3.40 (28
µM). C. Spectral modulations and displacement isotherm at 588 nm for titration of 3.25
into (R)-3.72 (28 µM) and 3.40 (28 µM). Both experiments were carried out in 1:1
MeOH:CH2Cl2.
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The Fe(III) complex 3.73 could be dissolved in aqueous mixtures with large

fractions of THF, although the addition of a range of indicators elicited precipitation

within several minuets. The low solubility and slow exchanged kinetics of 3.72 and 3.73

discouraged further investigation of chiral salen metal complexes.

The 6,6′ disubstituted bipyridine (bpy) ligand 3.74, which has been used in

asymmetric carbonyl additions, aldol and cyclopropanation reactions,107-110 was next

investigated. In light of the strong Cu(II)-bpy interaction (logK = 8.3 M-1),111 it was hoped

that complex 3.75 would be of sufficient stability to persevere (avoid dissociation) in the

presence of strongly coordinating indicators and analytes. The great steric demand of the

methoxy-neo-pentyl 6,6′-substituens is imagined to impart an intensely asymmetric

environment about the metal center, thus rendering 3.75 a promising candidate to

function as a highly enantioselective receptor within an IDA.

Both enantiomers of the ligand 3.74 were prepared enantioselectively, as first

reported by Bolm.108 The synthesis of (R)-3.74 is shown in Scheme 3.12. Lithium-

halogen exchange of 2,6-dibromopyridine (3.76) followed by condensation with methyl

trimethylacetate gave the ketone 3.77. This was reduced enantioselectively to (R)-3.78

with about 90% ee using (+)-chloro-diisopinocampheylborane ((+)-DIP-Cl). The chiral

alcohol (R)-3.78 was further purified by derivatization as the (S)-camphanic ester (S)-(R)-

3.79, which was crystallized as a single diastereomer. Removal of the camphanic ester

yielded enantiomerically pure (R)-3.78, which was converted to the methyl ether by a

Williamson ether synthesis. The bpy derivative (R)-3.74 was obtained in good yield

through nickel-mediated homocoupling of (R)-3.78.
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Scheme 3.12. Synthesis of chiral, C2-symmetric bipyridine ligand (R)-3.74. Reagents
and conditions: (i.) nBuLi, methyl trimethylacetate, THF, -78 °C (ii.) (+)-DIP-Cl, 3d. (iii.)
(S)-camphanic chloride, DMAP, CH2Cl2, Et3N, recryst. (iv.) K2CO3, MeOH (v.) MeI,
NaH, THF, 0 °C (vi.) NiCl2, Zn(s), PPh3, DMF, 70 °C, recryst.

The coordination of metal ions to (R)-3.74 was then examined by UV-vis

spectroscopy. The chiral ligand (R)-3.74 is insoluble in 1:1 MeOH:H2O, and so studies

were carried out in 1:1 THF:H2O (BHT stabilized). Under these conditions, (R)-3.74

exhibits a characteristic bpy absorbance maximum near 285 nm. Titration of Cu(II) of

Zn(II) (chloride salts) into (R)-3.74 (41 µM) did not lead to well-behaved spectral

modulations anticipated for complex formation, but instead elicited the responses shown

in Figures 3.14 B and E, respectively. In contrast, titration of these metal salts into the

parent bpy ligand 3.81, induced significant shifts with near-isosbestic points in both cases

(Figures 3.14 A and D). The global hyperchromic effects seen in Figures 3.14 B and E
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are interpreted as arising from nonspecific aggregation and not the formation of any

discreet complexes.

Figure 3.14. Binding titrations of Cu(II) and Zn(II) by (R)-3.74 and 3.81. A. Spectral
modulations for titration of CuCl2 into 3.81 (54 µM) B. Spectral modulations for titration
of CuCl2 into (R)-3.74 (41 µM). C. Displacement isotherms at 285 nm for titrations
shown in A. and B. D. Spectral modulations for titration of ZnCl2 into 3.81 (54 µM) E.
Spectral modulations for titration of ZnCl2 into (R)-3.74 (41 µM). F. Displacement
isotherms at 306 nm for titrations shown in D. and E. All experiments were carried out in
1:1 THF:H2O (BHT stabilized), 50 mM HEPES, pH 7.0.
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useless for as an enantioselective receptor under such conditions. Indicator displacement

studies (Figure 3.15) supported the interpretation that (R)-3.74 is a very poor chelating

ligand. The titration of (R)-3.75 into 3.9 affected the indicator absorbance in the standard,

qualitative fashion, although the isotherm did not fit well to the standard 1:1 binding

isotherm. As might be expected from the metal binding titrations (Figure 3.14), α-amino

acids and vicinal diamines displace 3.9 without enantioselectivity. Efforts were made to

overcome this low stability of (R)-3.75 by adding large excesses of the free ligand (R)-

3.74  to drive the formation of (R )-3.75, but these were invariably fruitless as

demonstrated by the identical enantiomeric displacement isotherms for various chiral

analytes presented in Figure 3.15. The sigmoidal displacement curves observed for

vicinal diamine (VDA) substrates 3.56 and 3.82 imply that these analytes may themselves

form ternary complexes with the indicator of the type (VDA):Cu:3.9, as significant

displacement of 3.9 is not observed until after the addition of 1 eq. of VDA.

 Figure 3.15. Displacement isotherms for IDAs involving 3.74. A. Displacement
isotherms at 640 nm for titration of Val (both enantiomers) into 3.9, (66 µM), Cu(OTf)2
(130 µM), and (R)-3.74 (1.2 mM). B. Displacement isotherms at 642 nm for titration of
3.56 (both enantiomers) into 3.9, (66 µM), Cu(OTf)2 (67 µM), and (S)-3.74 (305 µM). C.
Displacement isotherms at 462 nm for titration of 3.82 (both enantiomers) into 3.9, (70
µM), Cu(OTf)2 (73 µM), and (S)-3.74 (2.3 mM). All experiments were carried out in 1:1
THF:H2O (BHT stabilized), 50 mM HEPES, pH 7.0.
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The detrimental effect of the chiral 6,6′-substituents of 3.74 on its ability to form

stable complexes with Cu(II) and Zn(II) is understood in terms of the steric strain that

these groups impose upon the coordination spheres of the respective metal complexes.112

It has been recognized that the ortho-hydrogens of pyridine impart significant steric

hindrance to metal complexation by disrupting the primary sphere of the coordinated

metal ion. In the case of Ni(II), which has very similar ligand preferences to Cu(II), it has

been pointed out that the observed non-linear increase in ligand affinity upon progression

from monodentate pyridine (logK1 = 2.9) to bidentate 3.82 (logK1 = 7.04) can be

explained in terms of removal of the offending ortho-hydrogens.112 Relative to hydrogen

substituents, the chiral methoxy-neo-pentyl groups of are 3.74 immense, and would be

expected to severely disrupt the metal ion solvation sphere of 3.75, which is a key

determinant for coordination complex stability in water (see discussion in section 1.2.2).

Previously determined crystal structures110,112 of dichloride complex of (R)-3.75

and the bpy:CuCl2 complex 3.83 support the notion that the 6,6′-substituents of 3.75

greatly distort the local environment of the Cu(II) center. Multiple views of both

structures are presented in Figure 3.16. The Cu(II) ion of 3.83 is very close to square

planer, although slight deviation from this geometry arises in the solid state due to a long

(3.03 Å) fifth interaction of the metal ion and a chloride ligand on a neighboring complex

(top right, Figure 3.16). The structure of (R)-3.75, on the other hand, exhibits a distorted

tetrahedral center (highly unusual for Cu(II)), which is likely responsible for the

uncharacteristic d-d transition, reported at 919 nm (bpy-type Cu(II) complexes generally

absorb near 700 nm).110 Space-filling models demonstrate that the 6,6′-substituents
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effectively obscure the metal center of (R)-3.75 and introduce a considerable amount of

strain into the Cu(II) coordination sphere. This effect is thought to be the major factor

responsible for the dramatically lower stability of the Cu(II) and Zn(II) complexes of

3.74, relative to those of 3.81.

Figure 3.16. Methoxy-neo-pentyl substituents impart severe distortion onto the
coordination sphere of Cu(II) in 3.75. Structures of (R)-3.75 and 3.83 as drawn from X-
ray coordinates reported in references 110 and 112, respectively. The 6,6′-substituents of
(R)-3.75 distort the geometry of the Cu(II) center to a near tetrahedral geometry, from a
near square-planar geometry in 3.83. This disruption of the coordination sphere is thought
to be responsible for the low stability of 3.75.

The failure of the enantioselective IDAs discussed in sections 3.2.2 and 3.2.3

demonstrates that the adaptation of chiral metal complexes from the arena of

enantioselective catalysts to the present application of aqueous chiral recognition is not as

straightforward as first anticipated. The transition from the aprotic solvents commonly
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employed in catalysis to aqueous solutions used for the task at hand, has a profound

effect on the underlying coordination chemistry. Additionally, the other components of

the IDAs, namely the indicators and analytes, exhibit elevated intrinsic metal ion

affinities relative to the modest Lewis-bases that generally act as substrates in catalysis

applications.97,100 The success of the current enantiosensing IDA strategy therefore

depends on the identification of robust, but also coordinatively unsaturated, metal-based

enantioselective receptors. Attention should be paid to the formation constants of such

receptors or structural analogs, relative to those of the competing ligands expected to be

present in solution.
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3.3 Designed Tridentate Metal Complexes as Chiral Receptors.

A series of chiral, tridentate metal complexes were designed and synthesized for

use as receptors in enantioselective IDAs. All contain a central pyridine moiety with

chiral, Lewis-basic substituents in the 2 and 6 positions.  Efforts directed at incorporating

these into enantioselective IDAs were unsuccessful, but provide insight into the design of

improved systems. In the case of Cu(II)  complexes, it is evident that the geometry of the

metal center is heavily dependent upon its local environment, and in the present cases, a

strong, square-planer Cu(II) arrangement was consistently observed. Using a chiral Zn(II)

complex, 1H NMR evidence was obtained for the formation of diastereomeric ternary

complexes with Val. A pyridine 2,6-bis(hydrazone)-Zn(II) complex with chiral,

saccharide-derived axillaries was prepared but was found to be of insufficient stability for

application in an enantioselective IDA.

3.3.1 Complexes Employing the 2,6-Bis(Aminomethyl)pyridine Scaffold.

The design of sufficiently stable, enantioselective, metal-based receptors for

application in IDAs, requires consideration of the coordination strengths of the competing

ligands introduced as indicators and analytes. Ideally, chiral metal-based receptors should

be several orders of magnitude more stable than the metal complexes of other sensor

components in order to promote the formation of diastereomeric ternary complexes, and

discourage stripping of the metal ion from the receptor. Some flexibility may exist here,

as the addition of excess free chiral ligand can increase the competitiveness of the chiral

receptor somewhat, although this requires that the chiral ligand not form coordinatively
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saturated complexes by 2:1 ligand:metal complexation (as with (S)-3.70) or by some

other mode.

Receptors were designed to fit into IDA systems utilizing Cu(II) with

triarylmethane-type chromophores 3.9 and 3.40 because of the rapid and reversible

indicator association/displacement behavior, as well as the large dynamic range of α-

amino acid response exhibited by previous non-selective IDAs. The pertinent metal

complex stability constants against which receptor complex stability must be evaluated

are those of Cu(II) with α-amino acid analytes, and catecholate (and salicylate)

indicators. On the basis of tabulated stability constant data for pure water,114 the tridentate

ligand 2,6-bisaminomethyl-pyridine (BAMP) is expected to form 1:1 complexes with

Cu(II) that are roughly 103 times more stable than those of Val and catechol, a pH 7. The

BAMP ligand was selected as a parent scaffold for the construction of the chiral C2-

symmetric ligands (S)-3.84, and (S)-3.85, as well as the achiral control ligand 3.86. Each

of these were prepared in a single step from commercially available 2,6-di(bromomethyl)

pyridine 3.87 and the appropriate pyrrolidine derivative, as shown in Scheme 3.13.

Formation of the respective Cu(II) chelates was expected to occupy three of the four basal

coordination sites around a square plane or square pyramid, and orient the chiral

pyrrolidine auxiliaries of (S)-3.88 and (S)-3.89, within the proximity of the remaining

coordination site(s). Chelation of an indicator or amino acid guest in a square pyramidal

geometry was anticipated, with diastereomeric interactions expected for ternary

complexes of chiral guests.
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Scheme 3.13. Designed tridentate metal complexes incorporating the BAMP scaffold.
Reagents and conditions (i.) pyrrolidine nucleophile, Et3N, THF.

Formation of the Cu(II) complexes (S)-3.88, (S)-3.89 and 3.90 was followed in

solution by monitoring hyperchromic effects on the d-d transition of the metal upon

titration of the respective ligand into Cu(OTf)2 in 1:1 MeOH:H2O. Figure 3.17 shows the

spectral modulations and binding isotherms at respective absorbance maxima for the

formation of each of the three complexes. Complexes (S)-3.89 and 3.90 exhibit d-d

transitions near 690 nm, which gives rise to intense blue color; while the d-d transition of

(S)-3.88 is more broad and centered at 722 nm, giving a deep green color. Each of the

metal binding isotherms show breaks near one equivalent of metal ion, indicating the

formation of complexes if 1:1 stoichiometry. The isotherms saturate more sharply for (S)-

3.89 and 3.90 than for (S)-3.88, which along with the lower energy d-d band of the latter,

suggests that (S)-3.89 and 3.90 may be of greater stability than (S)-3.88.
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Figure 3.17. Monitoring coordination of the BAMP-derived ligands (S)-3.84, (S)-3.85
and 3.86 to Cu(II). A. Spectral modulations for titration of (S)-3.84 into Cu(OTf)2 (3.0
mM). B. Spectral modulations for titration of (S)-3.85 into Cu(OTf)2 (2.0 mM ). C.
Spectral modulations for titration of 3.86 into Cu(OTf)2 (2.0 mM). D. Association
isotherm at 722 nm for titration shown in A. E. Association isotherm at 690 nm for
titration shown in B. F. Association isotherm at 688 nm for titration shown in C. All
experiments were carried out in 1:1 MeOH:H2O, 25 mM HEPES, pH 7.0.

The Cu(II) complexes (S)-3.88, (S)-3.89 and 3.90 showed noticeably different

affinities for the indicator 3.9. Titration of (S)-3.88 into 3.9 readily (within 1 eq.) gave the

large absorbance shift without an isosbestic point characteristic of uninhibited Cu(II)

coordination by the indicator (Figure 3.18B). The other two complexes (S)-3.89 and 3.90

were much more reluctant to associate with 3.9, particularly in the case of the former.

Fitting of the indicator binding titration data to a 1:1 model gave indicator association

constants for (S)-3.88, (S)-3.89 and 3.90 of 1.2 × 105 M-1, < 1000 M-1, and 7.3 × 104 M-1

respectivley, although the lack of curvature in the binding isotherm shown in Figure

3.18C makes the value for  (S)-3.89 unreliable.
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Figure 3.18. IDAs incorporating the BAMP-Cu(II) complexes ligands (S)-3.88, (S)-3.89
and 3.90. A. Spectral modulations and association isotherm at 445 nm for titration of
3.90 into 3.9 (39 µM). B. Spectral modulations and association isotherm at 443 nm for
titration of (S)-3.88 into 3.9 (54 µM). C. Spectral modulations and association isotherm at
443 nm for titration of (S)-3.89 into 3.9 (39 µM). D. Displacement isotherm for titration
of Val (both enantiomers) into 3.90 (100 µM) and 3.9 (39 µM). E. Displacement isotherm
for titration of Val (both enantiomers) into (S)-3.88 (83 µM) and 3.9 (54 µM ).  F.
Displacement isotherm for titration of Val (both enantiomers) into (S)-3.80 (307 µM) and
3.9 (39 µM). All experiments were carried out in 1:1 MeOH:H2O, 25 mM HEPES, pH 7.1
± 0.2.

Displacement of 3.9 from the BAMP-based complexes by Val occurred without

enantioselectivity. This was the expected result in the case of 3.90, as the receptor is

achiral and therefore forms isoenergetic complexes with enantiomeric α-amino acids.

The lack of enantioselectivity for IDAs involving (S)-3.88, (S)-3.89 suggests that if
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diastereomeric ternary complexes are formed, they are not of sufficiently different

energies to be distinguished by this method. Similar results were obtained using the

indicator 3.40.

It was observed that receptors (S)-3.88, (S)-3.89 and 3.90 induced sizable

hyperchromic effects at around 500 nm in the absorbance profiles of the fluorescein-

based indicator 3.42 (see Figures 3.19A-C), which corresponds to a visual color change

from yellow-green to yellow-brown. Additionally, (S)-3.89  and 3.90 caused

bathochromic shifts in the absorbance of 3.43, as can be seen in Figure 3.19. The

indicator 3.42 has previously been used within our group in an IDA for the detection of

inorganic phosphate in serum and saliva using the C3-symmetric, Cu(II) containing

receptor 1.37 (Figure 1.6, section 1.1.3).115 The spectral modulations observed by 3.42

and 3.43 for (S)-3.88, (S)-3.89 and 3.90 in response to the indicators are anomalous, in

light of the fact that all other chiral metal-containing receptors studied up until this point,

as well as free Cu(II) and Zn(II) ions elicit little to no absorbance changes. It is possible

that the occupation of multiple Cu(II) coordination sites with strongly coordinating, but

formally neutral N donors as in these BAMP-type complexes as well as 1.37, increases

the affinity of the remaining sites for anionic ligands.
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Figure 3.19. Association isotherms for titration of BAMP-Cu(II) complexes ligands (S)-
3.88, (S)-3.89 and 3.90 into fluorescein based indicators. A. Spectral modulations and
association isotherm at 500 nm for titration of 3.90 into 3.42 (36 µM). B. Spectral
modulations and association isotherm at 500 nm for titration of (S)-3.88 into 3.42 (22
µM). C. Spectral modulations and association isotherm at 501 nm for titration of (S)-3.89
into 3.42 (37 µM). D. Spectral modulations for titration of 3.90 into 3.43 (20 µM). E.
Spectral modulations for titration of (S)-3.89 into 3.43 (20 µM). F. Displacement isotherm
at 526 nm for titrations shown in D and E. Titrations shown in A-C were carried out in
3:1 MeOH:H2O, 25 mM HEPES, pH 7.3. Titrations shown in D-F were carried out in 1:1
MeOH:H2O, 10 mM HEPES, pH 7.0.

Table 3.1. Association constants of BAMP-derived Cu(II) complexes to various
indicators.
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Each association isotherm of Figure 3.19 was fit to a 1:1 binding model, yielding

the association constants that are displayed in Table 3.1 along with those determined for

3.9 (Figure 3.18). The increased indicator binding strength of (S)-3.88 relative to 3.90 can

be rationalized in terms of the steric desolvating effect of the methyl groups (S)-3.88,

which are thought to prohibit Cu(II)-solvent contacts and thereby enhance the Lewis-

acidity of the metal center. Not surprisingly the effect of the proximal donor oxygen

atoms in (S)-3.89 is to diminish the affinity of the metal center for indicators through the

effects of coordinative saturation and steric repulsion. The fact that free Cu(OTf)2 does

not cause a significant spectral response in the cases of 3.42 and 3.43 under the

conditions studied, provides  evidence in these cases that ternary complexes between the

indicators and the intact receptors are indeed formed

Displacement of 3.42 with Val enantiomers was not enantioselective, as was

observed with the triarylmethane indicators 3.9 and 3.40. It was found that the α-chiral

carboxylate 3.25 is capable of displacing 3.42, but again enantioselectivity was

nonexistent. The displacement of 3.43 from (S)-3.89 and 3.90 by Val was not observed to

any significant extent even at large excess (~ 50 eq.). The discrimination of various

naturally occurring, α-amino acids with a chemosensing IDA based upon the receptors

(S)-3.89 and 3.90 and the indicator 3.42 was next pursued.116 The metal containing

receptors were preassociated with 3.42 giving significant spectral changes. A 1:1 ratio of

complex to indicator was used for 3.90, but because of the low affinity of (S)-3.89 for

3.42, a ratio of roughly 3:1 receptor:indicator was used in this case. Addition of amino

acids to the receptor-indicator solutions resulted in the reverse spectral response of that
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observed for the indicator association. The yellow-brown color of the receptor-indicator

complex was replaced by the yellow-green color of the free indicator, signaling

displacement of 3.42 from the coordination sphere of the complex.

Displacement isotherms for (S)-3.89 and 3.90 with various amino acids are shown

in Figure 3.20. Both systems show selectivity for His and little selectivity between the

aliphatic side-chain containing amino acids. The dramatic response to His is likely due to

the ability of the imidizole side-chain to act as a ligand to Cu(II), as His is known to have

an exceptionally large affinity for Cu(II) relative to other amino acids.98 From the

displacement curves in Figure 3.20A, (S)-3.89-amino acid association constants of 1050,

1030 and 2290 M-1 for Gly, Val, and Ala, respectively, were determined by fitting the

data to the theoretical model for indicator displacement.32 The (D)-enantiomer of each

amino acid was tested as well, but no enantioselectivity was found in any case.
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Figure 3.20. Chemoselective IDA for α-amino acids. A. Displacement isotherms at 494
nm for the addition of α-amino acids to 3.90 (50 µM) and 3.42 (50 µM). B. Displacement
isotherms at 494 nm for the addition of α-amino acids to (S)-3.89 (150 µM) and 3.42 (50
µM). C. Curve fitting of some of the displacement profiles shown in B to IDA algorithm.
All experiments carried out in 3:1 MeOH:H2O, 10 mM HEPES buffer, pH = 7.0.

The His data did not fit the theoretical indicator displacement model in either the

case of 3.90 or (S)-3.89 (Figures 3.20 A and B, respectively). Instead a distinct break at

two equivalents of added guest was exhibited, implying a 2:1 association process that is

distinct from the simple displacement depicted in pathway A. of Scheme 3.14. It is likely

that the Cu(II) center is being pulled from the ligand to yield a 2:1 His:Cu(II) complex as

shown in pathway B. This species is known to be among the most stable 2:1 amino acid
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complexes (logKβ 2 = 18.1).98 An alternative explanation for the His displacement

behavior is coordination of two His molecules to the receptor complex, but this is

discounted on the basis of steric interactions.
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Scheme 3.14. Two pathways for displacement of 3.42 from BAMP-based Cu(II)-
containing receptors A. Standard IDA process. B. Dissociation of the Cu(II) containing
receptor with formation of 2:1 α-amino acid complex.

The responses reported in Figure 3.20 demonstrate control over the coordination

modes of amino acids to Cu(II) varying the identity of the amino acid. The BAMP-type

ligands prohibit the formation of 2:1 amino acid:Cu(II) complexes when using aliphatic

side chain amino acid guests through the intervention of a ternary complex. When the

stronger ligand His is the guest, the receptors release the Cu(II) ion to His leading to the

formation of 2:1 amino acid:Cu(II) complexes. The systems serves to regulate the two



206

distinct amino acid-Cu(II) coordination modes depicted in Scheme 3.14 by the

intervention of the receptor complexes. Additionally, the responses of the 390 and (S)-

3.89 IDA systems allow for the “naked eye” detection of His as shown in Figure 3.21

through a simple titration method. The high imidazole-Cu(II) affinity has recently been

employed in other systems for the selective detection of His and His-containing

peptides.22,117, 118

Figure 3.21. “Naked-eye” detection of His with IDA. Both vials contain (S)-3.89 (300
µM) and 3.42 (300 µM) in 3:1 MeOH:H2O, 10 mM HEPES buffer, at pH 7.0. The vial on
the left contains (L)-His (600 µM) and the vial on the right contains (L)-Val (600 µM).

The structures of the receptors (S)-3.88, (S)-3.89 and 3.90 were determined by X-

ray diffraction studies.116 In all cases, suitable crystals were obtained from a 1:1:1 molar

ratio solution of the appropriate BAMP-derived ligand, Cu(OTf)2 and NaCl by slow

evaporation from aqueous MeOH. The structures show that the various pyrrolidine

substituents affect the coordination number of the Cu(II) center. The structure of 3.90 is

shown in Figure 3.22. The metal center adopts a square pyramidal geometry with 3.86

NH3

O

O
NH3

O

O

NH

N

N

N N

O

O

O

O

CuII

2+

(S)-3.89

OHO

CO2

O

CO2

3.42

(L)-valine (L)-histidine



207

and a chloride ion occupying the basal position and a triflate ion at the axial site. The

contact to the central pyridine nitrogen is slightly shorter (~ 0.15 Å) than those to the

pyrrolidine amines, in accord with previously determined structures of BAMP-derived

Cu(II) complexes.119 The five-coordinate metal center shows that bis-coordination of an

α-amino acid guest to the Cu(II) center in 3.90 is possible, but also suggests that one of

these coordinative interactions (basal) might be stronger than the other (axial), provided a

square pyramidal geometry is maintained in an α-amino acid ternary complex. The

packing of 3.90 shows that the Cu-Cl bond vector is pointed toward the bottom face of

the Cu(II)-centered square-pyramid of a neighboring complex (see bottom left of Figure

3.22) suggesting a weak intracomplex interaction in the solid state.

Views of (S)-3.88 are shown in Figure 3.23. The Cu(II) center exhibits a square

planar geometry with the chloride occupying the fourth position. A triflate anion resides

in the outer-sphere and balances the overall charge. The space-filling model of the inner-

sphere complex confirms that the methyl substituents produce severe steric crowding

around the metal center, which discourages the coordination of a fifth ligand. The Cu-Cl

bond vectors are oriented in the crystal in a similar fashion to that discussed for 3.90.
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Figure 3.22. Views of 3.90. In both ORTEP diagrams, displacement ellipsoids are scaled
to 50% probability and the hydrogens have been removed for clarity. The axial triflate
ligand has been removed on the ORTEP at the top right and the space-filling model.

Figure 3.24 shows the cationic portion of (S)-3.89 to contain a tetragonally

distorted octahedral metal center with extended contacts to the methoxymethyl (MOM)

ether oxygens. It is likely that these long interactions with the MOM arms are labile in

solution, but it is clear that the metal center is effectively shielded both sterically

V. M. Lynch
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electronically as a result of these substituents. As in the structure of (S)-3.88, non-

coordinating triflate anion exists in the outer sphere, although the crystal packing

arrangement of (S)-3.89 is distinct from that observed for the other two complexes, with

(S)-3.89 aligning in linear, antiparallel chains with alternating rows of triflate ions.

Figure 3.23. Views of (S)-3.88. In both ORTEP diagrams, displacement ellipsoids are
scaled to 50% probability and the outer-sphere triflate ligand and hydrogen atoms have
been removed for clarity.

V. M. Lynch
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Figure 3.24. Views of (S)-3.89. In both ORTEP diagrams, displacement ellipsoids are
scaled to 50% probability and the outer-sphere triflate ligand and most hydrogen atoms
have been removed for clarity.

The metal-ligand distances for each of the three structures, along with atom

numbering scheme are listed in Table 3.2. The BAMP portions of the three complexes

exhibit roughly identical N-Cu(II) bond distances, with slightly shorter bonds to the

central pyridine nitrogen. The observed distances to triflate oxygens and chloride ligands,

V. M. Lynch
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as well as the space-filling models of the complexes support the notion that the Cu(II)

centers of (S)-3.88  and (S)-3.89 are less accessible as a result of 2,5-pyrrolidine

substitution.

Table 3.2. Metal-ligand bond distances (Å) and numbering scheme for complexes (S)-
3.88 and (S)-3.89 and 3.90. Values in bold typeset represent outer-sphere contacts of
nearest distances.

The relatively exposed metal center of 3.90  allows for the formation if

pentavalent Cu(II). The accessibility of the Cu(II) ion likely facilitates solvation of the

Cu(II), which leads to increased complex stability. Of the three BAMP-based receptors

studied, 3.90 is considered most amenable to the formation of ternary complexes with

chelating guests.

In the case of (S)-3.88, the major effect of the methyl substituents is steric

blocking of the metal ion, which leads to disruption of the solvation shell. This

deactivates the metal ion sterically but increases its Lewis-acidity at the accessible basal

site, and probably weakens the overall thermodynamic stability of the complex. The

space-filling model demonstrates that (S)-3.88 is very unlikely to form ternary complexes

with chelating ligands. The fact that (S)-3.88 elicits uninhibited responses from the

Bond 3.90 (S)-3.88 (S)-3.89
Cu-N(1) 2.09 2.11 2.12
Cu-N(2) 1.94 1.92 1.94
Cu-N(3) 2.08 2.10 2.15
Cu-Cl(1) 2.23 2.19 2.21
Cu-OTf 2.31 3.72 6.01
Cu-O(1) - - 2.46
Cu-O(2) - - 2.59
CuCl-Cu 4.02 4.12 7.59

N
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chelating, triarylmethane type indicators 3.9 and 3.40, while the other BAMP-derived

complexes 3.90 and (S)-3.89 undergo much more sluggish interactions, suggests that 3.9

and 3.40 may be causing the disassociation of  (S)-3.88.  The high relative affinity for

3.42 is thought to be a result of elevated Lewis acidity of one open coordination site on

the desolvated Cu(II) center, as previously discussed.

As the space-filling model shows, the isolation of the Cu(II) center within (S)-3.89

is even more extreme than in (S)-3.89; but in this case, the unfavorable desolvating

effects are offset by gains associated with coordination of the ether arms. The effect of

the MOM substituents is therefore to diminish the reactivity of the Cu(II) center both

sterically and electronically. It is thought that (S)-3.89 presents only one open

coordination site for ternary complex formation and that coordination of enantiomeric α-

amino acids to this site (through either the carboxyl or amine end) would lead to

conformationally flexible adducts in which diastereomeric interactions may be

insignificant.

3.3.2 Investigation of Ternary Complex Formation Between Zn(II)-Containing Receptors
and Enantiomeric Amino Acids

The corresponding Zn(II) complexes were also examined for application in

enantioselective IDAs, but the indicators 3.9 and 3.42 showed considerably less affinity

for these receptors, and the fluorescein-based indicators were entirely unaffected. One

experimental advantage of Zn(II) over Cu(II) for metallosupramolecular applications is

that Zn(II) is diamagnetic and is therefore amenable to NMR analysis. The observation of
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diastereomeric ternary complex formation between the (S)-3.92 (Figure 3.25) and

enantiomers of Val was next sought.

N

N N

O

O

O

O

ZnII

(S)-3.92

N

N N
ZnII

3.91

N
NN

3.86

N
NN

(S)-3.85

O O

O O

Figure 3.25. Zn(II)-BAMP complexes for study of diastereomeric ternary complex
formation by 1H NMR.

The 1H NMR spectrum of (D)-Val in 3.5:1 (v:v) CD3OD:D2O in shown in Figure

3.26A. The addition of ~ 1 eq. of ZnCl2 causes very subtle changes in the spectrum; the

C-H signals broaden somewhat, especially for the α-methyne doublet at 3.5 ppm (6), and

the pair of doublets at ~ 1.1 ppm corresponding to the diastereotopic side-chain methyl

groups (8, 9) diverge slightly (Figures 3.26 A and B). The presence of Zn(II) has a much

greater effect on the 1H NMR spectrum of 3.86 (Figures 3.27 A and B). In this case, the

addition of one equivalent of Zn(II) to form 3.91 causes all of the C-H signals of 3.86

shift downfield, by as much as 0.3 ppm for the para-pyridine proton (1). The further

addition of one equivalent of (D)-Val to this solution to form 3.91:(D)-val (Figures 3.26C

and 3.27 C) causes some broadening, but has very little effect on the position of the

signals for 3.91. This suggests that 3.91 remains intact in the presence of the amino acid.

A significant deviation of the Val methyl signals (8, 9) in the mixed ligand complex

3.91:(D)-val relative to Zn(II):(D)-val is evident, and a slight upfield shift in (6) is also
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observed. These data suggest that 3.91 and Val form a ternary complex in solution, as

there are clear differences in the electronic environments of the Val methyl groups in the

presence of 3.91 and in the presence of Zn(II) alone.

Figure 3.26. Study of ternary complex formation between 3.91 and (D)-Val by 1H
NMR. A. 1H NMR spectrum of (D)-Val (19.0 mM) in 3.5:1 CD3OD:H2O. B. Spectrum of
(D)-Val (18.2 mM) in 3.5:1 CD3OD:H2O; 18.6 mM ZnCl2. C. Spectrum of 3.91 (17.8
mM), (D)-Val (17.1 mM) in 4:1 CD3OD:H2O; 18.6 mM ZnCl2. Indicated coordination
modes are speculative.

As expected, the enantiomeric ternary complexes 3.91:(D)-val and 3.91:(L)-val

give rise to virtually identical 1H NMR spectra, which are shown in Figure 3.28. This
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demonstrates that intrinsic differences between the enantiomeric Val samples (i.e.

because of slight variations in purity) are negligible within the scope of this analysis.

Figure 3.27. Study of Zn(II) complexation by 3.86 and ternary complex formation
between 3.91 and (D)-Val by 1H NMR. A. 1H NMR spectrum of 3.86 (23.4 mM) in
CD3OD. B. Spectrum of 3.86 (22.2 mM), in 80:1 CD3OD:H2O; 18.6 mM ZnCl2. C.
Spectrum of 3.86 (17.8 mM), (D)-Val (17.1 mM) in 4:1 CD3OD:H2O; 18.6 mM ZnCl2.
Indicated coordination modes are speculative.

The pyridine signals (1 and 2) for the chiral BAMP-derived ligand (S)-3.85

undergo similar shifts to those observed for 3.86 upon addition of Zn(II), while the

diastereotopic 2,6-pyridine methylene signals become dramatically inequivalent,

supporting chelate formation for (S)-3.92 (Figure 3.29). Other signals move downfield
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upon complexation of Zn(II) by (S)-3.85, including the pyrrolidine methylene (6, 7) the a

portion of the overlapped signals at around 3.3 ppm (Figure 3.29).

Figure 3.28. Enantiomeric ternary complexes between 3.91 and Val. A. 1H NMR
spectrum of 3.86 (17.8 mM), (L)-Val (17.1 mM). 1H NMR spectrum of 3.86 (17.8 mM),
(D)-Val (17.1 mM). Both spectra taken in 4:1 CD3OD:H2O; 18.6 mM ZnCl2. Indicated
coordination modes are speculative.

Upon first inspection, the addition of enantiomeric Val samples to (S)-3.92

produces similar 1H NMR spectra (Figure 3.30). In both cases broad solvent peaks

occupy the region between 4.4 and 5.2 ppm, although the doublet for one of the 2,6-

pyridine methylene protons (4) remains visible, indicating that (S)-3.92 has likely not
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disassociated in the presence of the amino acid. In both Figures 3.30 A and B, the

pyridine peaks (1 and 2) show small, broad peaks that are shifted slightly upfield relative

to the main signals, but these do not correspond to the 1 and 2 peaks for (S)-3.85. This

indicates that each of the diastereomeric mixtures (S)-3.92:(D)-Val and (S)-3.92:(L)-Val

may exist in equilibrium between two distinct ternary complexes, possibly involving the

α-amino acid chelate as shown in Figure 3.30 and a complex in which Val coordinates in

an η1 fashion  (Scheme 3.15).

Figure 3.29. Complexation of Zn(II) by (S)-3.85. A. 1H NMR spectrum of (S)-3.85 (25.0
mM) in CD3OD. B. Spectrum of (S)-3.85 (23.4 mM), in 80:1 CD3OD:H2O; 22.6 mM
ZnCl2. 18.6 mM ZnCl2. Indicated coordination modes are speculative.
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The Val methyl group signals (13, 14) in Figure 3.30 are divergent relative to

those of the Val:Zn(II) complex shown in Figure 3.26B, which supports ternary complex

formation. Close inspection of these signals does in fact show some difference between

(S)-3.92:(D)-Val and (S)-3.92:(L)-Val.

Figure 3.30. Diastereomeric ternary complexes between (S)-3.92 and Val. A. 1H NMR
spectrum of (S)-3.85 (19.2 mM), (D)-Val (16.2 mM). B. Spectrum of (S)-3.85 (19.2 mM),
(L)-Val (16.2 mM).Both spectra taken in 4:1 CD3OD:H2O; 18.5 mM ZnCl2. Indicated
coordination modes are speculative.
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Scheme 3.15. Proposed equilibrium between two coordination modes of the ternary
complex (S)-3.92:Val.

Expanded views of the Val methyl signals for the ternary complexes 3.91:(D)-Val,

3.91:(L)-Val,  (S)-3.92:(D)-Val and (S)-3.92:(L)-Val are presented in 3.31. The two

doublets for the enantiomeric complexes 3.91:(D)-Val and 3.91:(L)-Val give rise to

identical signals as expected. The diastereomeric complexes (S)-3.92:(D)-Val and (S)-

3.92:(L)-Val on the other hand, show more complex spectra. A second pair of doublets

emerges in each case, and the position of these relative to the main signals is different

between (S)-3.92:(D)-Val and (S)-3.92:(L)-Val. This difference demonstrates that (S)-3.92

forms inequivalent complexes with Val enantiomers but does not imply anything as to

their relative stabilities. The observation of two pairs of doublets for (S)-3.92:(D)-Val and

(S)-3.92:(L)-Val further supports the interpretation of the equilibrium presented in

Scheme 3.15, in which the more rigid chelated form would be expected to lead to greater

diastereomeric interactions.

The studies discussed above aimed at using BAMP-derived chiral metal

complexes as enantioselective receptors for IDAs, while largely unsuccessful, provide

insight into factors determining stability, substrate affinity and preferred binding modes

of metal-based receptors. In the case of the Cu(II) complexes (S)-3.88 and (S)-3.89, it is
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thought that the close proximity of the bulky chiral auxiliaries deactivates the metal

center in terms of its ability to act as a binding site for the formation of rigid (chelating)

ternary complexes. For (S)-3.88 the effect is purely steric and leads to relatively low

complex stabilities, whereas for (S)-3.89 both steric and electronic factors come into play.

Ideally, the chiral auxiliaries should mainly affect the coordinated guest, rather than the

metal ion solvation sphere.  Removal of the chloride ligand on the space filling models of

(S)-3.88 and (S) -3.89 shows that these receptors constitute very shallow clefts for

potential guests to occupy, and that the chiral steric barriers likely interact more strongly

with the metal center than with a stereogenic center of a guest that may reside several

atoms away from the guest donor atom.
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Figure 3.31. Expanded views of Val side chain methyl groups in ternary complexes.
Expanded views of spectra shown in A. Figure 3.28B, B. Figure 3.28A, C. Figure 3.30A,
D. Figure 3.30B.

3.3.3 Bis-Hydrazone Complexes with Saccharide-Derived Chiral Auxiliaries.

Consideration of the factors presented above lead to the design of the bis-

hydrazone complexes (R)-3.93 and (R)-3.94 (stereochemical descriptors assigned

arbitrarily), as improved receptors for enantioselective amino acid recognition. As

receptors, (R)-3.93 and  (R)-3.94 are expected to exhibit increased concavity relative to

(S)-3.88 and (S)-3.89. Moving the chiral auxiliaries away from the metal center is

expected to facilitate ternary complex formation while creating a well-defined,
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asymmetric cleft. The free hydrazone ligand (R)-3.95 is derived from the chiral hydrazine

(R)-3.96, which had previously been used as a chiral reagent to effect asymmetric

enantio- and diastereoselective aza-Michael addition to nitroalkenes for the ultimate

preparation of vicinal diamines.120

The synthesis of (R)-3.95, starting from naturally occurring (D)-mannitol is

outlined in Scheme 3.16. Condensation of 3.97 with formaldehyde under acidic

conditions afforded the tris-acetal 3.98, which was treated with acetic anhydride to give

3.99.121 Reaction of 3.99 with sodium methoxide yielded the tetraol 3.100,121 which was

converted to the tetramethylether 3.101 in moderate yield through a Williamson ether

synthesis.122 The central annular acetal of 3.101 was fragmented to give 3.102 by

refluxing in 2M HCl.122 The diol 3.102 was converted to the bis-mesylate 3.103, which

was reacted with hydrazine to give (R)-3.96 as a colorless oil.120 Gently refluxing (R)-

3.96 with 0.5 eq. of 2,6-diacetylpyridine in EtOH for one hour, followed by cooling to

room temperature causes (R)-3.95 to crystallize out of solution as large yellow crystals.

Overall, (R)-3.95 is prepared in 29% overall yield over 8 steps.



223

Scheme 3.16. Synthesis of chiral, C2-symmetric bis-hydrazone ligand (R)-3.95.
Reagents and conditions: (i.) OCH2(aq.), HCl(conc.), 50 °C (ii.) Ac2O, AcOH, H2SO4 (iii.)
NaOMe, MeOH, CHCl3, 50 °C (iv.) MeI, NaH, THF, DMF, 35 °C (v.) 2M HCl, H2O, Δ
(vi.) MsCl, Et3N, CH2Cl2, 0 °C. (vii.) NH2NH2, iPrOH, Δ. (viii.) 2,6-diacetylpyridine,
EtOH, Δ, recryst.

The chelation of Zn(II) and Cu(II) by (R)-3.95 to form (R)-3.93 and (R)-3.94,

respectively was monitored in 1:1 MeOH:H2O at pH 7.3 by UV spectrophotometry.
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Under these conditions, the free ligand shows an absorbance maximum at 330 nm.

Titration of the appropriate metal chloride salt causes this signal to diminish with the

simultaneous appearance of a broad shoulder at around 425 nm. In the case of Zn(II), a

clear isosbestic point is observed at 351 nm and the Benesi-Hildebrand model is cleanly

obeyed. For Cu(II) the titration data is not well-behaved, showing the growth of a

structureless band at low wavelength and a loss of isosbestic point at higher equivalents

of added metal ion.  The affinity of (R)-3.95 for Zn(II) was determined to be quite low

(K1:1 = 2.2 × 103 M -1) under these conditions. Additionally, the signal for the Cu(II)

complex (R)-3.94 was found to degrade significantly over a period of about one hour

making the determination of a binding constant impractical This degradation is

tentatively attributed to spontaneous hydrolysis of the hydrazone linkages under catalysis

by Cu(II).

These factors encouraged study of the system in 95:5 MeOH:H2O, where (R)-3.94

exhibits a stable UV spectrum over a period of at least two hours. The titrations were

repeated under these new conditions yielding qualitatively similar data, which are

presented in Figure 3.32. In the less polar solvent, formation constants of 2.0 × 104 M-1

and 3.9 × 105 M-1 for (R)-3.93 and (R)-3.94, respectively were determined by this method.

Large, high quality crystals of both the free ligand (R)-3.95 and the Zn(II)

complex (R)-3.93 were easily obtained by slow evaporation from alcoholic solvents. The

structure of the free ligand (R)-3.95 is shown in Figure 3.33. The bis-hydrazine exhibits

an extended conformation in the solid state, presumably to avoid N-N transoidal

interactions and intramolecular steric repulsion. The structure of (R)-3.93 shows that
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metal binding causes a conformational change in the bis-hydrazone ligand to

accommodate chelation. The saccharide-derived auxiliaries of (R)-3.93 extend away from

the metal center to furnish a chiral cleft that contains two labile Zn(II) coordination sites,

which are occupied by chloride ligands. The Zn(II) center of (R)-3.93 is pentacoordinent,

exhibiting distorted trigonal bipyramidal geometry, which is favorable in terms of

chelation of an α-amino acid or other bifunctional guest. Crystals of the Cu(II) complex

(R)-3.94 could not be obtained.

Figure 3.32. Binding titrations of Cu(II) and Zn(II) by (R)-3.95. A. Spectral
modulations and binding isotherm at 426 nm for titration of ZnCl2 into (R)-3.95 (90 µM).
B. Spectral modulations and binding isotherm at 422 nm for titration of Cu(OTf)2 into
(R)-3.95 (90 µM). Both experiments were carried out in 95:5 MeOH:H2O, 5 mM HEPES,
pH 7.3.
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Figure 3.33. Views of (R)-3.95. In both ORTEP diagrams, displacement ellipsoids are
scaled to 50% probability and most hydrogen atoms have been removed for clarity.

From the space-filling models, it is apparent that (R)-3.93 does in fact contain a

more pronounced cleft than the earlier designs, (S)-3.88 and (S)-3.89, with the distance

between the two hydrogens at the narrowest part of the cleft (see ORTEP in Figure 3.34)

measuring about 4.35 Å. Both of the complexes (R)-3.93 and (R)-3.94 were found to be

unsuitable for application within an IDA. The interaction of (R)-3.93 with indicators such

as 3.9 and 3.40 was very weak, and the absorbance of the complex itself overlapped the

part of the spectrum of the indicator. In the case of (R)-3.94, a more intense shift was

observed but erratic behavior was observed and reproducibility became a problem. This

V. M. Lynch
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could be a consequence of the low polarity solvent system employed. The complexes

caused little to no response from the fluorescein-based indicators 3.42 and 3.43.

Figure 3.34. Views of (R)-3.93. In both ORTEP diagrams, displacement ellipsoids are
scaled to 50% probability and most hydrogen atoms have been removed for clarity. In the
space-filling models, the chloride ions have been removed for clarity.

Because of the formation of (R)-3.93 and (R)-3.94 is so easily monitored by UV-

vis spectroscopy, it was attempted to monitor the formation of diastereomeric ternary

complexes by this method, and if enantiodiscrimination was observed, to further pursue

system optimization to implement an IDA.  As shown in Figure 3.35, addition of Val into

(R)-3.93 caused the opposite spectral changes seen for the metal complexation titrations

presented in Figure 3.32. Spectral differences between the amino acid enantiomers upon

V. M. Lynch
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titration into (R)-3.93 were nonexistent. Other chiral substrates including 3.25 and 2.54,

gave smaller responses, but no significant differences between enantiomers was

observed.

Figure 3.35. Spectrophotometric titration of guests into (R)-3.93. A. Spectral
modulations upon titration of (L)-Val into (R)-3.95 (90 µM) and ZnCl2 (275 µM). B.
Isotherm at 433 nm for the titration shown in A and titration with (D)-enantiomer.
Titrations were performed in 95:5 MeOH:H2O 5 mM HEPES buffer, pH 7.3. C. Isotherms
at 413 nm for titration of 3.25 (both enantiomers) into (R)-3.95 (180 µM) and ZnCl2 (550
µM). Titrations were performed in 1:1 MeOH:H2O 50 mM HEPES buffer, pH 7.3.

In the case of Val, it is likely that the α -amino acid gust is causing the

dissociation of the receptors without the intervention of diastereomeric ternary

complexes. The failure of this system to remain intact in the presence of α-amino acids

may be traced to the donor set of (R )-3.93, which presents entirely sp2-hybridized

nitrogens. A 2,6 di(methylhydrazino)pyridine analog, in which the terminal N-donors are

saturated may represent a more robust alternative for further study on this class of

receptors.

The studies of (S)-3.88, (S)-3.89, 3.90 and (R)-3.93 presented above illustrate the

importance of several factors involving the design of enantioselective metal-containing

receptors. As noted, it is fundamental that the intrinsic stability of the complex be great
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enough to withstand the presence of strongly coordinating indicators and analytes. It is

clear that intrinsic receptor stability if affected not only by the polydentate ligand donor

set (number and types of donors) but also by the steric accessibility of the open

coordination sites to solvent. In addition, the existence of an uninhibited metal center is

expected to encourage chelation by bifunctional substrates such as α-amino acids and

catechol-derived indicators, which are important for signaling and enantiodiscrimination.

In several cases, the relatively low affinities of designed, tridentate metal complexes for

indicators and other guests were found to impede the large dynamic range typically

associated with metal-based IDAs. The issue of metal environment within the complex is

particularly important when employing Cu(II) as the central metal ion, as Jahn-Teller

distortions render the strength of coordination contacts beyond four (square planar)

contextual.
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3.4 Multi-component Enantiosensors Employing Vicinal Diamine-Derived Cu(II)
Complexes.

A chiral, C 2-symmetric vicinal diamine Cu(II) complex was found to

enantioselectively  discriminate hydrophobic α-amino acids by a factor roughly 2:1 and

was incorporated into a colorimetric IDA. The system was found to exhibit linear

absorbance-ee correlations, which facilitate for the rapid determination of ee of unknown

samples. Crystal structures of host-guest complexes were obtained, and a stereochemical

model accounting for the observed sense of enantioselectivity is advanced. Using 96-well

plate spectroscopy, a small library of chiral diamines was screened and a significantly

improved system was identified. The improved IDA produces absorbance differences

(ΔA) of more than 0.3 for Val enantiomers and provides dramatic visual colorimetric

enantiodiscrimination. Optimized systems were incorporated into the first reported

enantioselective differential sensor array, which is capable of separating chemo- and

enantiomeric variance when receptors of opposite enantiomeric preference are employed.

The modality of this differential analysis likely parallels that of the mammalian taste

response to amino acids, in light of the opposing enantiomeric preferences of actual

amino acid taste receptor proteins.
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3.4.1 Enantioselective IDAs using Cu(II) Complexes of Diaminocyclohexane-Derived
Ligands.

The use of vicinal diamine ligands to construct chiral metalloreceptors was next

pursued. Despite their bidentate nature, vicinal diamines have relatively high affinities for

Zn(II) and Cu(II), and are expected to be competitive with α-amino acid analytes in

forming complexes with these metal ions.114 Vicinal diamine-based metalloreceptors were

reasoned to easily accommodate chelating substrates to form four-coordinate adducts.

Additionally, a bidentate core with appropriate peripheral substitution was imagined to

enforce wider, and perhaps more accommodating clefts than those built upon tridentate

ligand scaffolds. These factors were also thought to encourage facile association of the

chelating triarylmethane chromophores 3.9 and 3.40, which was problematic for some

designed tridentate metalloreceptors.

The C2-symmetric chiral ligand (S)-3.104 was prepared in a single step by

reductive amination of 3.105 with 0.5 eq. (S, S)-1,2-diaminocyclohexane (S)-3.106

(Scheme 3.17). Attempts to isolate the Cu(II) and Zn(II) complexes by addition of the

appropriate metal salt followed by crystallization were unsuccessful, as were attempts to

monitor Cu(II) complex formation spectroscopically by following d-d transitions. The

complexes (S)-3.107 and (S)-3.108 were prepared in situ by addition of 1 eq. the metal

salt (triflate and chloride, respectively) to a concentrated (~ 250 mM) solution of (S)-

3.104 in MeOH. Concentrated solutions of complex (S)-3.107 in MeOH are pale green in

color, while (S)-3.108 is colorless.
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Scheme 3.17. Synthesis of (S)-3.104.   Reagents and conditions: (i.) MeOH, then add 4
eqs NaBH4.

The association of (S)-3.107 and (S)-3.108 to the standard set of chromophoric

indicators was next studied. The two metal complexes showed remarkably differing

affinities for 3.9, with (S)-3.107 inducing a the vivid color change from yellow to intense

blue characteristic of the association of this indicator to Cu(II), and (S)-3.108 causing a

minute response even after the addition of over 10 eq. of the complex. The response of

3.9 to (S)-3.107 was examined more closely via spectroscopic titration, showing a sharp

saturation in spectral change upon the addition of one equivalent of added complex (see

Figure 3.36). By comparison, the addition of Cu(OTf)2 to the 3.9 under similar conditions

leads to a similar, but less intense color change occurring over the addition of 2 eq. of

metal ion. These results suggest that (S)-3.107 forms a ternary complex with 3.9 of 1:1

stoichiometry by occupying two coordination sites of the metal. Solutions of the recpetor-

indicator complex 3.9:(S)-3.107 remain deep blue in color even upon the addition of 100-

fold excess of the free ligand (S)-3.104, implying that displacement of the indicator to

form 2:1 (S)-3.104:Cu(II) complexes is not a problem. From the association isotherm

presented in Figure 3.36C, an association constant of 5 × 105 M-1 was roughly estimated.
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The indicator 3.40 showed similar behavior towards (S)-3.107 and (S)-3.108 as did 3.9.

Both chiral metal complexes elicited little to no response to the fluorescein-derived

indicators 3.42 and 3.43.

Figure 3.35. Association of (S)-3.107 and Cu(OTf)2 to 3.9. A. Spectral modulations for
the titration of (S)-3.107 into 3.9 (45 µM). B. Spectral modulations for the titration of
Cu(OTf)2 into 3.9 (41 µM). C. Association isotherms at 653 nm and 641 nm for the
titrations shown in A and B, respectively. Both experiments carried out in 1:1
MeOH:H2O, 50 mM HEPES, pH 7.3.

As expected, the addition of Val to the receptor-indicator complex (S)-3.107:3.9

resulted in the reverse spectral modulations observed in Figure 3.36A, signaling

displacement of 3.9 from the Cu(II) coordination sphere. Under these conditions, the

displacement was found to occur without enantioselectivity, as did the displacement of

the salicylate-derived indicator 3.40 with the α-hydroxy-carboxylate phenyl-lactic acid

3.27 (Scheme 3.6).  However, performing the displacement titration with Val in the

presence of nearly a 10-fold excess of the complex (S)-3.107 over 3.9 lead to sigmoidal

displacement isotherms in which (D)-Val was observed to displace 3.9 more effectively

than L-Val (see Figure 3.37). The two curves converge at about 15 eq. of added guest,

with a maximum absorbance difference of roughly 0.12 at 5 eq. To confirm that this
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difference in the response profiles of Val enantiomers was in fact due to enantioselective

recognition by the chiral metalloreceptor (S)-3.107, the enantiomer of the metalloreceptor

((R)-3.107) was prepared and shown to exhibit an equal but opposite preference for (L)-

Val under the same conditions (Figure 3.37D). Scheme 3.18 outlines the hypothesized

enantioselective IDA process.

 While the enantiomeric displacement curves in Figures 3.37 C and D look only

slightly different, the considerable dynamic range (large change in total absorbance over

the titrations) associated with displacement of 3.9 from the Cu(II) ion makes the

differences between the enantiomeric curves significant. Other hydrophobic α-amino

acids guests were examined under similar conditions to those used in Figure 3.37 with the

resultant displacement isotherms are presented in Figures 3.38A-C. Maximum

absorbance differences between enantiomers similar to that observed for Val (ΔA ~ 0.12)

were achieved with Leu, Phe and Trp, although 3.9 was displaced with fewer equivalents

of added guest when the aromatic amino acids Phe and Trp were used. Under these

conditions, no enantioselectivity was observed for Ala and Pro. The lack of

enantiodiscriminatory capability for Ala is understandable in terms of the small steric

bulk of the methyl group, while Pro showed very weak ability to displace 3.9, and

therefore is perhaps too bulky to form stable ternary complexes with (S)-3.107.  It was

found that response selectivities could be increased somewhat (to a ΔA of about 0.15) by

independent variation of the concentrations of Cu(II) and (S)-3.107 (Figure 3.37D).123
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Figure 3.37. Enantioselective displacement of 3.9 from (S)-3.107 by Val. A. Spectral
modulations for the titration of (D)-Val into (S)-3.107 (326 µM) and 3.9 (44 µM). B.
Spectral modulations for the titration of (L)-Val into (S)-3.107 (326 µM) and 3.9 (44 µM).
C. Displacement isotherms at 645 nm for the titrations shown in A and B. D.
Displacement isotherms at 645 nm for the titration of Val (both enantiomers) into (R)-
3.107 (326 µM) and 3.9 (44 µM). Spectra of the same color in A. and B. were recorded at
identical Val concentrations. All experiments carried out in 1:1 MeOH:H2O, 50 mM
HEPES, pH 7.0.
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Scheme 3.18. Enantioselective IDA for Val incorporating from (S)-3.107 and 3.9.   The
chiral metalloreceptor  (S)-3.107 associates with the indicator 3.9, causing a large
absorbance shift. Addition the Val to (S)-3.107:3.9 displaces 3.9 from (S)-3.107 to form
diastereomeric ternary complexes and regenerate the original absorbance signal. The
complex between (S)-3.107 and (D)-Val is thermodynamically more stable and so (D)-Val
elicits a greater response.

The displacement isotherms presented in Figures 3.37 and 3.38 do not conform to

the theoretical indicator displacement model, indicating that a more complex process is

operative. This is also supported by the fact that the enantioselective response is

improved by the presence of excess chiral ligand (S)-3.104 (Figure 3.38D). Given the

large affinity of α-amino acids for Cu(II), it is likely that (S)-3.104, as well as 3.9, is

displaced toward the end of the titrations when the amino acid is in large excess to form

2:1 α -amino acid:Cu(II) complexes. The addition of excess ligand enhances the
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competitiveness of diastereomeric ternary complexes relative to enantiomeric 2:1 amino

acid:Cu(II) complexes, thereby enhancing response selectivity.

Figure 3.38. Enantioselective displacement of 3.9 from (S)-3.107 by hydrophobic α-
amino acids. Displacement isotherms at 645 nm for: A. Titration of Phe (both
enantiomers) into (S)-3.107 (325 µM ) and 3.9 (44 µM). B. Titration of Trp (both
enantiomers) into (S)-3.107 (380 µM ) and 3.9 (40 µM). C. Titration of Leu (both
enantiomers) into (S)-3.107 (380 µM) and 3.9 (44 µM). D. Titration of Val (both
enantiomers) into (S)-3.104 (2.45 mM), Cu(OTf)2 (340 µM) and 3.9 (44 µM). All spectra
were recorded in 1:1 MeOH:H2O, 50 mM HEPES, pH 7.0.
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ligands about the Cu(II) template under thermodynamic control establish a situation

reminiscent of dynamic combinatorial chemistry. It is known that in aqueous solution,

bidentate Cu(II) complexes with can undergo dimerization through the intervention of µ-

bridging hydroxide ligands,124 which complicates the system by introducing higher-order

multi-nuclear species. In addition, the existence of hexacoordinate quaternary Cu(II)

complexes within the indicator displacement cocktail cannot be ruled out.

Because deviation from the standard IDA model behavior prohibits determination

of binding constants between (S)-3.107 and α-amino acids from the displacement

isotherms presented in Figure 3.38, these were obtained in the absence of the indicator.

Titration of α-amino acids into (S)-3.107 in the presence of 10- to 20-fold excess free

ligand (S)-3.104 (to discourage dissociation of the receptor) caused a small but

reproducible decrease in the intensity of the Cu(II) d-d transition of the complex. The

resultant association isotherms were fit to the 1:1 binding model (Figure 3.39) to give the

binding constants listed in Table 3.3. While the fitting is rough because of the small

overall absorbance changes and slightly sigmoidal shape, the data show a consistent

preference for (D)-amino acids (of R-configuration) of about 2:1, which is in line with the

sense of enantioselectivity exhibited in the displacement studies. The aromatic α-amino

acids (Phe and Trp) show considerably greater overall affinities for (S)-3.107 than do Val

and Leu, which may be a consequence of attractive π-π interactions in the ternary

complexes. This result was somewhat expected in light of the fact that with these amino

acids, the enantioselective displacement of 3.9 from (S)-3.107 occurs at lower overall

guest concentration than with Val and Leu (see Figure 3.38).123
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Figure 3.39. Enantioselective recognition of amino acids by (S)-3.107.  Association
isotherms at 580 nm and theoretical 1:1 fittings for titration of enantiomeric amino acids
into (S)-3.107. Titrations shown in A. and B. employed Cu(OTf)2 (300 µM) and (S)-3.104
(3.0 mM), while those shown in C and D employed Cu(OTf)2 (150 µM) and (S)-3.104 (3.0
mM). All experiments were carried out in 1:1 MeOH:H2O, 50 mM HEPES, pH 7.0.

Table 3.3. Association constants and relative enantioselectivities of various guests with
(S)-3.107.
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To examine the utility of this system for the determination of unknown α-amino

acid ees, relationships between ee and absorbance were determined at constant guest

concentrations. The absorbance at 645 nm, which corresponds to the receptor-indicator

complex (S)-3.107:3.9, was monitored because the greatest dynamic range is observed at

this wavelength. The weaker-binding enantiomer will therefore give rise to the larger

absorbance response. In order to accentuate enantiodiscrimination, the total guest

concentration that produced the largest enantiomeric difference for each amino acid was

estimated from the optimized displacement isotherms. At this ratio of components (amino

acid, indicator, Cu(II) ion,  and ligand (S)-3.104), the concentrations of all species were

linearly increased so that the absorbance of the weaker-binding (L)-enantiomer produced

an output near the upper limit of the validity of the Beer-Lambert law (A ~ 1).

In Figure 3.37C, the greatest difference between the (D)- and (L)- isotherms is

achieved at about 4.6 eq Val (relative to (S)-3.107), where the total absorbance values at

645 nm are still quite large and the signals cannot be increased significantly within the

upper limit of the validity of Beer’s Law (the absorbance at 645 nm caused by L-Val is

0.85). It was found that by increasing the concentration of the free ligand (S)-3.104 in the

ensemble, the greatest enantioselectivity is observed later in the titration (Figure 3.38D),

which is likely due to a more competitive displacement process. In Figure 3.38D,

significant enantioselectivity is observed at 12 eq Val, where (L)-Val elicits an

absorbance response at 645 nm of 0.58. The concentrations of all species were multiplied

from this point by a factor of 1.7 (1/0.58) to generate an ee curve with an absorbance

maximum (at 100% (L)-Val) near 1.0. By adjusting the concentrations of the ensemble in
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this manner, the ΔA between enantiomers could be increase from ~ 0.15 to > 0.2 in all

cases.

The resultant ee profiles are shown in Figure 3.40.123 For all of the amino acids,

the ee vs. A relationship is remarkably linear (R2 > 0.99) with only slight divergence in

some cases at very high ee, demonstrating uniform sensitivity over the entire range.

Figure 3.40C shows two ee curves generated using enantiomeric metalloreceptors that

exhibit a near mirror image relationship. Decreasing the total concentration of amino acid

at which the ee curve is generated gives a larger overall absorbance at 645 nm, as shown

for Typ (Figure 3.40B). At a lower amino acid concentration, the amino acid competes

with 3.9 for (S)-3.107 less effectively, and so a higher fraction of the indicator is bound to

the host, giving a larger absorbance.
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Figure 3.40. Absorbance vs. enantiomeric excess profiles for various hydrophobic α-
amino acids. Absorbance at 645 nm as a function of ee for A. Phe (3.0 mM), 3.9 (72 µM),
Cu(OTf)2 (590 µM) and (S)-3.104 (4.2 mM). B. Trp (4.5 mM squares, 3.0 mM diamonds),
3.9 (90 µM), Cu(OTf)2 (775 µM) and (S)-3.104 (5.9 mM). C. Leu (6.6 mM), 3.9 (75 µM),
Cu(OTf)2 (590 µM) and 3.104 (both enantiomers 4.2 mM). A. Val (7.1 mM), 3.9 (75 µM),
Cu(OTf)2 (590 µM ) and (S)-3.104  (4.2 mM ). All spectra were recorded in 1:1
MeOH:H2O, 50 mM HEPES, pH 7.0.
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upper limit of detection under idealized conditions. To acquire a better idea of the

practical utility of this analysis without determination of a many-point calibration curve,

the ee  of 9 unknown Val, Phe and Trp samples were determined at constant

concentrations (ranging from 2.0 - 4.5 mM) using only a three-point calibration. For each

amino acid, the absorbance values produced by three samples of known ee (-100, 0 and

100% ee) were subjected to linear regression, and the absorbance values produced by

unknown samples were fit to these crude but easily determined calibration curves.

Obviously, this more causal method gave a larger mean error (13.1% ee) and standard

deviation (8.4% ee). In light of the fact that ee spans a range of 200%, these errors are

considered low enough for practical purposes.

It should be noted that the main advantage of optical enantiosensing lies in its

amenability to high-throughput methods, and that the goal here is not to compete with

established methods of ee determination in terms of high accuracy. In a high-throughput

screening context, the determination of one calibration curve for the analysis of many

samples in parallel is expected to lead to errors somewhere between those determined

from a three-point calibration method and analysis of points taken directly from a many-

point calibration. When initially screening large libraries of enantioselective reactions,

extremely accurate ee determinations are probably not necessary, as the central goal is to

rapidly identify a number of promising candidates, which can then be analyzed by a more

accurate and labor-intensive method. The slight visual difference between Phe

enantiomers elicited under the conditions used for generation of the ee curve is shown in

the photo in Table 3.4.
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Table 3.4. Determination of enantiomeric excess of unknown α-amino acid samples with
enantioselective IDA using a three-point calibration curve. The mean error of these
determinations is 13.1 % ee and the standard deviation is 8.4 % ee. The photo shows the
enantiomeric response to Phe (3.0 mM) in 3.9 (72 µM), Cu(OTf)2 (590 µM) and (S)-3.104
(4.2 mM).

 The enantioselectivity of these IDAs undoubtedly arises from diastereomeric

ternary complexes involving the chiral ligand 3.104 and the amino acid analyte as ligands

templated about the Cu(II) center. These were examined by X-ray diffraction studies.

Addition of 1 eq. of amino acid (in H2O) to the pale green (S)-3.107 complex in MeOH,

causes the solution to turn an intense purple color. Concentration of this solution yields a

purple oil, which is readily soluble in CH2Cl2, MeOH, THF, EtOAc and MeCN. For both

enantiomers of the α-amino acids studied, a great many attempts were made to obtain

crystals of these ternary complexes both by slow evaporation and slow diffusion of

hexanes and Et2O. Structures of two ternary complexes, (S)-3.107:(D)-Phe and (S)-

Amino Acid
Sample

ee (Actual) ee (Determined)

valine
A -50% -54%
B 25% 12%
C -65% -88%

phenylalanine
D 67% 81%
E -82% -78%
F 50% 57%

tryptophan
G 90% 92%
H 33% 58%
I -71% -56%

D-PheL-Phe
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3.107:(L)-Val have been determined by X-ray diffraction, and confirm some of the tenets

presupposed in the design of this system.

Views of the determined structure for (S)-3.107:(D)-Phe are shown in Figure 3.41.

The unit cell contains two similar, but discreet ternary complexes and a free ligand (S)-

3.104, which are rendered blue, purple and green, respectively in the bottom left of

Figure 3.41. The Cu(II) center exhibits and octahedral geometry with severe tetragonal

distortion. The ligands (S)-3.104 and (D)-Phe are each chelated to the basal positions,

with metal-ligand distances of about 2 Å, forming a conformationally rigid assembly.

Long axial contacts (2.5-2.7 Å) to a 2-methoxy oxygen of (S)-3.104 and a triflate ion are

observed. A second triflate ion resides in the outer sphere (balancing the charge of the

ammoniums of the free ligand (S)-3.104). Interestingly, the (S)-3.104 ligand assumes an

asymmetrical conformation in the complex in which both 2,6-dimethoxybenzy steric

barriers reside on the same face of the Cu(II)-centered square-plane, which allows for the

long axial Cu(II)-OMe contact. The most notable difference between the two ternary

complexes appearing in the asymmetric unit is the conformation of the non-coordinating

2,6-dimethoxybenzy group. Crystal structures of mixed ligand amino acid metal

complexes have recently attracted attention,73,125 and the structure shown in Figure 3.41 is

thought to be the first reported amino acid/diaminocyclohexane-type Cu complex.126

The structure determined for (S)-3.107:(L)-Val (Figure 3.42) also exhibits two

discreet ternary complexes, although no free ligand (S)-3.104 is observed. A similar

Cu(II) geometry to that of (S)-3.107:(D)-Phe is found, although long contacts to the

desymmetrized 2,6-dimethoxy OMe contact is even longer while that to the triflate ion is
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shorter (see Table 3.5). The central square-plane of the Cu(II) and the chelating ligands

exhibit significantly more distortion from planarity than for (S)-3.107:(D)-Phe, which can

be observed in the structural overlay in the bottom left of Figure 3.42.

Figure 3.41. Views of (S)-3.107:(D)-Phe. In both ORTEP diagrams, displacement
ellipsoids are scaled to 30% probability and most hydrogen atoms have been removed for
clarity. The asymmetric unit shown at the bottom left contains two discreet complexes
(colored blue and purple) and one free ligand (S)-3.104 (colored green). In the space-
filling model, the carbons of (D)-Phe are colored green.

V. M. Lynch
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Figure 3.42. Views of (S)-3.107:(L)-Val and overlay with (S)-3.107:(D)-Phe. In the
ORTEP diagram, displacement ellipsoids are scaled to 50% probability and most
hydrogen atoms have been removed for clarity. The asymmetric unit shown at the upper
left contains two discreet complexes (colored blue and purple). In the space-filling model,
the carbons of (L)-Val are colored green. The overlay with (S)-3.107:(D)-Phe is centered
on the Cu(II) ion and the N-donors of (S)-3.104.

V. M. Lynch
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The coordinative bonds lengths for the two host-guest complexes of (S)-

3.107:(D )-Phe and (S)-3.107:(L)-Val along with the atom-numbering scheme are

presented in Table 3.5.

Table 3.5. Coordinative bond lengths observed in the ternary complexes (S)-3.107:(D)-
Phe and (S)-3.107:(L)-Val by X-ray diffraction studies.

The preference for (D)-amino acids exhibited by (S)-3.107 in the IDA and direct

titration experiments is rationalized on the basis of a stereochemical model assuming a

four-coordinate Cu(II) center that is chelated by both (S)-3.104 and the amino acid. In

solution, the long axial bonds observed by X-ray crystallography to the 2-methoxy group

and the triflate will be replaced by solvent contacts, to give a truly square-planer Cu(II)

center. Because coordinative amine-Cu(II) interactions are rapid and reversible and

because amines undergo rapid pyramidal inversion, the absolute configuration at the

Bond (S)-3.107:(D)-Phe
(complex A)

(S)-3.107:(D)-Phe
(complex B)

(S)-3.107:(L)-Val
(complex A)

(S)-3.107:(L)-Val
(complex B)

Cu-N(1) 1.99 (Å) 2.00 1.97 2.02
Cu-N(2) 2.05 2.02 2.01 2.06
Cu-N(3) 1.98 2.01 2.01 1.98
Cu-O(4) 1.92 1.94 1.94 1.94
Cu-OTf 2.55 2.47 2.48 2.59
Cu-OMe 2.70 2.76 3.01 2.88
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nitrogen atoms in (S)-3.107 is variable. Despite the fact that a single diastereomeric

conformation (with respect to absolute configurations at N) is observed in all four ternary

complexes determined by X-ray, it is thought that an alternative diastereomer is the

favored species in solution.

Assuming a purely four-coordinate Cu(II) ion (no preference for long axial

contacts to OMe), the most stable conformation of (S)-3.107 is likely one in which the

substituents of the metallocyclopentane ring are oriented in an all trans fashion (as

specified in Scheme 3.19) to minimize eclipsing interactions. In all of the solid state

structures, one of the 2,4-dimethoxybenzyl groups is cis to the neighboring cyclohexane

CH2 group in order to facilitate an OMe-Cu(II) contact. In solution, solvent replaces the

weakly coordinating OMe ligand and the N is expected to epimerize to give an all-trans

conformation. This N-inversion relives Pitzer strain as well as one gauche interaction

between the 2,4-dimethoxybenzyl and the cyclohexane ring. As a result, the C2

symmetric diastereomer of the metalloreceptor is thought to be the preferred solution

conformer. This enforces a chiral cleft in which the coordinatively unsaturated Cu(II) ion

resides. Chelation of a (D)-amino acid to the Cu(II)-centered square-plane allows the R

group to avoid steric interactions with the dimethoxybenzyl groups, which the bound (L)-

enantiomer cannot evade. This structural arrangement is expected to stabilize the (D)-

complex over the (L)-complex, and give rise to the more effective indicator displacement

observed with (S)-3.107 for (D)-amino acids. Because gauche butane interactions are

worth less than 1 kcal⋅mol-1, other diastereomeric structures of these ternary complexes

are likely populated in solution to some extent, making this stereochemical model
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simplistic. A complete conformational analysis by computation modeling could provide

more conclusive insight into the origins of enantioselectivity in these systems.

Scheme 3.19. Stereochemical model accounting for observed sense of enantioselectivity
of (S)-3.107.  A trans/trans diastereomer is predicted for (S)-3.107 in solution despite the
observation of the cis/trans epimer in the solid state. The hypothesized geometry
minimizes intramolecular gauche interactions and enforces a chiral cavity, which would
best accommodate (D)-amino acids on the basis of steric interactions.
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3.4.2 Optimization of Enantiosensing IDA by Variation of Components.

Once enantiodiscrimination had been successfully achieved in an IDA with the

vicinal diamine-derived chiral metalloreceptor (S)-3.107, efforts were directed toward the

identification of other chiral diamines showing similar or superior function. Initially,

studies were aimed at discerning the role of the 2,4-dimethoxy steric barriers by

examining analogous ligands (S)-3.109 and (S)-3.110 (Figure 3.45), which were prepared

by one-step reductive amination in the same way as (S)-3.104 (Scheme 3.17). The three

ligands were compared in their abilities to discriminate Leu enantiomers as shown in

Figure 3.43. The original ligand (S )-3.104 was found to provide the best

enantioselectivity, giving a maximum ΔA of 0.133, as compared to 0.088 and 0.075 for

(S)-3.110 and (S)-3.109, respectively. The presence of ortho-methoxy groups on the

benzylic steric barriers appears to facilitate indicator displacement, as complete saturation

is observed with (S)-3.110 after the addition of ~15 eq. of Leu whereas for (S)-3.109,

complete displacement had not occurred upon addition of 30 eq. of analyte. This may be

due to steric crowding around the metal center, which would decrease the stability of the

diamine-Cu(II) complex by disruption of the Cu(II) coordination sphere.

The limit to which improved enantioselectivities could be obtained by increasing

the concentration of the chiral selector was next examined. As demonstrated in Figure

3.44, increasing of the excess of  (S)-3.104 over Cu(II) from ~14 eq. to near 130 eq.

mainly affected the amount of amino acid required to fully displace the indicator from

Cu(II) and only slightly affected enantiodiscrimination. Additionally, the increase in

chiral ligand concentration was also found to depresses the concentration of the metal-
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bound indicator at the inception of the titration, as the starting absorbance at 653 nm is

less in Figure 3.44B than in Figure 3.44A at equal concentration of 3.9. This may be due

to very slight displacement of the 3.9 from (S)-3.107 by a molecule of (S)-3.104 to form a

2:1 ligand to metal complex.

Figure 3.43. Comparison of the enantiodiscriminatory capabilities of vicinal diamine
homologues (S)-3.104, (S)-3.109 and (S)-3.110 within enantiosensing IDAs. The
original ligand (S)-3.104 was found to provide the best enantioselectivity. Displacement
isotherms at 652 nm for addition of Leu (both enantiomers) into: A. 3.9 (42 µM),
Cu(OTf)2 (372 µM) and (S)-3.104 (3.2 mM). B. 3.9 (42 µM), Cu(OTf)2 (372 µM) and (S)-
3.109 (3.0 mM). C. 3.9 (42 µM), Cu(OTf)2 (372 µM) and (S)-3.110 (3.2 mM). All spectra
were recorded in 1:1 MeOH:H2O, 50 mM HEPES, pH 7.0.

Figure 3.44. Effects of increasing ligand (S)-3.104 excess on enantioselective IDA
profile. Displacement profiles at 648 nm for titration of Val (both enantiomers) into A.
3.9 (42 µM), Cu(OTf)2 (50 µM) and (S)-3.104 (710 µM). C. 3.9 (42 µM), Cu(OTf)2 (50
µM) and (S)-3.104 (6.4 mM). Recorded in 1:1 MeOH:H2O, 50 mM HEPES, pH 7.0.
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More expansive efforts to identify improved multi-component enantiosensors for

α-amino acids took advantage of the modularity of the IDA paradigm by screening

different permutations of chiral diamines, chromophoric indicators and metal ions. The

dependence of response selectivity upon the stoichiometric ratio of each sensor

component observed in the previously discussed system presents additional variable

parameters. Using 96-well plate spectroscopy, The small library of chiral diamines

presented in Figure 3.45 was used in conjunction with the choromophoric indicators 3.9,

3.39 and 3.40 (Figure 3.6), and six metal ions of intermediate hardness (Cu(II), Zn(II),

Ni(II), Cd(II), Co(II), ad Ag(I)) to identify improved enantioselective IDAs for Val.  Of

the metal ion examined, although only Cu(II), Zn(II) and Ni(II) induce any significant

spectral change, and the utility of Ni(II) was limited by its slow exchange kinetics and

lesser solubility. The suitability of Cu(II) and Zn(II) was in line with expectation, as

previous attempts were centered on the complexes of these metal ion.

Typical screening experiments involved arraying indicators (1 eq.) with metal

ions (5-10 eq.) and chiral diamines (10-100 eq.) across 96-well plates, with a total

volume in each well of < 300 µL. To two wells with identical sensor contents were added

enantiomeric Val injections, and spectral differences were sought. Because

enantioselectivity may be dependent upon total amino acid concentration, multiple

measurements were made for each combination of ligand metal and indicator, spanning a

range of guest concentrations. In some cases, multi-component ensembles displayed

significantly lower solubility in polystyrene micro-well plates and standard quartz

spectrophotometer cuvetts.
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Figure 3.45. Diamine ligands examined as chiral selectors for enantioselective IDAs.

As described, the library of chiral diamines shown in Figure 3.45 was screened

for suitability in enantioselective IDAs. In line with previous results, (S)-3.104, (S)-3.109,

and (S )-3.110  showed preferential response to (D )-Val.  Surprisingly, no

enantioselectivity was observed with the other trans-diaminocyclohexane-derived ligands

(S)-3.111 and (S)-3.112, or the ligands (R)-3.113 and (-)-3.114. On the other hand, very

large response preferences for (L)-Val were observed with the Cu(II) when the chiral

ethylenediamine-derivative (R)-3.115 was used in very large excess; particularly when

the salicylate-derived indicators 3.39 and 3.40 were employed. Representative spectra
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showing maximum absorbance differences more than twice that observed with the system

based on (S)-3.104 are shown in Figure 3.46.

Figure 3.46. Differential response profiles of enantiosensing ensemble incorporating
(R)-3.115, Cu(II) and salicylate-derived chromophores. A. Absorbance spectra elicited
by the addition of Val (150 µM, both enantiomers) to 3.39 (35 µM), Cu(OTf)2 (235 µM),
and (R)-3.115 (35.0 mM). B. Absorbance spectra elicited by the addition of Val (150 µM,
both enantiomers) to 3.40 (25 µM ), Cu(OTf)2 (157 µM), and (R)-3.115 (35.0 mM).
Spectra recorded in 1:1 MeOH:H2O, 50 mM HEPES, pH 8.8.

In order to validate these results, both enantiomers of 3.115 were prepared, and

enantiomeric response profiles were examined in greater detail over the complete range

afforded by IDA. Titration of (S)-3.115 into 3.40 leads to the standard spectral

modulations associated with coordination of 3.40 with Cu(II), as shown in Figure 3.47.

Fitting the data to the 1:1 binding model yielded a binding constant of 6.5 × 105 M-1 for

the association of (S)-3.115-Cu(II) and 3.40. Displacement of 3.40 by Val occurred with

substantially improved colorimetric enantiodiscrimination relative to the system based

upon (S) -3.107  and 3 . 9. Representative enantiomeric spectral modulations and

displacement isotherms are presented in Figure 3.48. The titrations are initiated at large

absorbance values in order to maximize response differences. The enantiomers of 3.115
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show equal but opposite selectivities or Val, with the (R) enantiomer favoring (L)-Val and

(S)-3.115 preferring (D)-Val. As with the previous system, the displacement curves do

not fit the theoretical indicator displacement algorithm, which prevents the determination

of binding constants between Val enantiomers and 3.115, although the response

selectivities are very good, with ΔA values as high as 0.32. In contrast with the previous

systems, a major fraction of the indicator is usually displaced after the addition 2-3

equivalents of Val, which may reflect weaker Cu(II) affinity of 3.115 relative to (S)-3.107

due to less preorganization. It should be noted that the buffering capacity is overwhelmed

at such high ligand concentrations, which leads to pH changes of up to one unit over the

course of the titrations, although the effect is constant in the case of the enantiomeric

amino acid samples.

Figure 3.47. Association of (S)-3.115-Cu(II) and 3.40. A. Spectral modulations and B.
association isotherm at 603 nm for the titration of Cu(OTf)2 and (S)-3.115, into 3.40 (10
µM). Spectra recorded in 1:1 MeOH:H2O, 50 mM HEPES, pH 7.0.

The utility of this improved system to generate large visual color differences
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indicator concentration to well beyond the limits of Beer’s law helped to accentuate color

differences. Additionally, visual discrimination was enhanced by cooling the

displacement cocktails in an ice bath, which suggests that the origin of enantioselectivity

is enthalpic.  Preliminary investigations into the thermodynamic parameters associated

with enantioselectivity in this case have established that the titration of (L)-Val into (S)-

3.115-Cu(II) is considerably more exothermic than for (D)-Val in 1:1 MeOH:H2O,

although consistent binding models have yet to be established. As demonstrated in Figure

3.49, this improved enantioselective IDA is capable of producing vivid color differences

between enantiomeric α-amino acids.
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Figure 3.48. Enantioselective displacement of 3.40 from (S)-3.115-Cu(II) by Val. A.
Spectral modulations for the titration of (L)-Val into (S)-3.115 (6.0 mM), Cu(OTf)2 (75.6
µM) and 3.40 (10 µM). B A. Spectral modulations for the titration of (D)-Val into (S)-
3.115 (6.0 mM), Cu(OTf)2 (75.6 µM) and 3.40 (10 µM). C. Displacement isotherms at 602
nm for the titrations shown in A and B. Experiments carried out in 1:1 MeOH:H2O, 50
mM HEPES, pH 8.8. Spectra of the same color in A. and B. were recorded at identical
Val concentrations. D. Displacement isotherms at 602 nm for the titration of Val (both
enantiomers) into (R)-3.115 (8.8 mM), Cu(OTf)2 (105 µM) and 3.9 (10 µM). Experiments
carried out in 1:1 MeOH:H2O, 50 mM HEPES, pH 7.1.
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Figure 3.49. Visual color differences between Val enantiomers achieved with improved
IDA. The photo shows the enantiomeric response to Val (124 µM) in 3.40 (30 µM),
Cu(OTf)2 (120 µM) and (S)-3.115 (50 mM) in 1:1 MeOH:H2O, 50 mM HEPES buffer, pH
7.0 at 0 °C.

3.4.3 Development of an Optical Mimic of the Mammalian Taste Response to α-Amino
Acids.

The systems presented above are of practical utility for high-throughput analysis

applications and additional optimization along these lines promises further expansion of

scope and detection capabilities. Relative to reported amino acid enantiosensors based on

the LS strategy, the developed IDAs benefit from synthetic accessibility and modularity.

These features encouraged attempts to employ the current metal-based enantiosensing

IDAs in the context of differential sensing (Scheme 3.20), which relies on the pattern

response of multiple arrayed sensors to a given analyte.

D-Val                      L-Val 
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Scheme 3.20. Conceptual outline of differential sensing. Many different synthetic
sensors are organized into an array. Exposure to an analyte generates a specific response
pattern, which is interpreted by pattern recognition.

Differential sensing involves the organization of multiple, individual sensors into

a spatially addressable sensor array.127-129 The introduction of an analyte to the sensor

array gives an interaction pattern, as each of the different sensors in the array may

produce a unique response to the analyte. Different analytes are expected to give rise to

distinctive interaction patterns, which are generally interpreted through the use of a

statistical routine or pattern recognition protocol, the function of which being to aid in

the extraction of meaningful information from the large amount of data generated by the

array. A major advantage of differential sensing approach is that it obviates the need for

sensors with high specificity for any one analyte. By employing multiple diverse sensors
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within the array, distinctive output signals can be realized for a huge number of potential

analytes without necessarily having to target any one through rational design.

The conceptual basis of differential sensing may be traced back to biomimetic

origin.127-130 The modalities of taste and smell serve to distinguish myriad discreet and

highly diverse chemical structures in an analogous fashion. Across the animal kingdom,

the challenges inherent to chemical sensing are addressed by distinctly different

mechanisms than those used for the detection of continuously variable stimuli, such as

visible electromagnetic wavelength or acoustic frequency.131-134 Organisms ranging from

Drosophila to humans have evolved common chemosensory strategies in which arrayed

receptor proteins recognize analytes to provide differential interaction patterns, which are

interpreted by the brain as characteristic odors and flavors.132 While this strategy endows

animals with acute chemosensory faculties, it is costly from an information standpoint; it

has been estimated that as much a 5% of the mouse genome encodes for olfactory

receptor proteins.135 Analogous drawbacks within the framework of synthetic differential

sensing lie in the requirement of many different sensors to fabricate the array, and in the

necessity of taking large numbers of measurements.

Differential sensing has recently been the focus of considerable efforts. Good

progress has been reported using both optical136-146 and electrochemical55,128,130 sensor

arrays to generate diagnostic response patterns for chemoselective analysis. For example,

Severin has reported a colorimetric IDA sensor array for chemoselective discrimination

of 20 natural amino acids that utilizes metal coordination in aqueous solution.142 The

indicators 3.44, 3.117 and 3.118 (Figure 3.50) undergo spectral shifts upon association



262

with the organometallic µ-bridged di(rhodium(III)-Cp*-dichloride) complex 3.116. Using

microplate spectroscopy, 20 natural (L)-amino acids were initially divided on their ability

to displace 3.44 from 3.116. The two subsets were then subjected to different IDA

conditions in which the indicator and the pH were varied. The data were interpreted using

linear discriminant analysis (LDA) for recognition of output patterns. Data points were

randomly removed and designated as unknowns, while the remaining data were used to

calibrate the LDA. Classification of the unknown points was accomplished with very

high accuracy (> 95%) with only occasional mismatches for Val and Ile.
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Figure 3.50. Components used by Severin in a chemoselective sensor array for amino
acids.

This example highlights the suitability of the IDA paradigm for application in

differential sensing. The modularity of IDAs facilitates sensor diversification by

permutation of components, and by varying their relative concentrations. On the basis of

optical sensor arrays utilizing both LS137,139-141 and IDA138,142-144,146 approaches, as well as

others,145,147 clear discrimination of structurally similar and biologically relevant

substrates including proteins,139,144,146 peptides,142,143 nucleotides,138 amines,140,141,145,147 and

metal ions,136 has been accomplished.
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While optical sensor arrays have been successfully employed for chemoselective

analysis, no examples were found addressing the problem of chiral differentiation, which

is a key feature of gustation and olfaction. This is likely a result of the dominance of the

LS approach in optical enantiosensing, which is not considered as amenable to

diversification as the IDA strategy. In fact only one enantioselective example was

identified throughout the entire breadth of differential sensing.55 This is based upon

electrochemical resistance change in carbon black/poly-(R)-(3)-hydroxybutyrate polymer

composites upon vapor adsorption of enantiomeric substances, and while consistent

differential resistance changes were observed, no pattern recognition analysis or

determination of unknown samples were carried out. It was thus envisioned that the

enantioselective IDAs described in sections 3.4.1 and 3.4.2 could be arrayed in parallel to

achieve multi-analyte differential analyses with discrimination on the basis of molecular

structure and absolute configuration. α-Amino acid analytes are particularly attractive

analytes in light of interest in understanding148-150 and mimicking141,142,151 the gustatory

response to these substances.

Taking different combinations of the ligands and indicators shown in Figure 3.51

with Cu(OTf)2 and varying the concentrations of the ligand, indicator, Cu(II) salt and

analyte, a library of multi-component sensors for α-amino acids was created. Both (D)-

and (L)- enantiomers of four naturally occurring hydrophobic amino acids used

previously, as well as the unnatural amino acid tert-leucine (Tle), were examined to give

a total of ten analytes. For each amino acid, absorbance spectra were recorded under a set
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of 21 different conditions (see Table 3.6), and to ensure reproducibility, each experiment

was performed in triplicate.152
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Figure 3.51. Ligands and indicators used with Cu(OTf)2 to construct IDAs for an
enantioselective sensor array. Ligands (R)-3.109 and (R)-3.115 form Cu(II) complexes
that prefer L-amino acids, and ligand (S)-3.104 exhibits the opposite preference.

Representative spectra produced by (D)- and (L)-Val in three different IDAs,

along with a control IDA using the achiral ligand tetramethylethylenediamine (TMEDA),

are shown in Figure 3.52. As expected, the sense of enantioselectivity exhibited was

found to be a general property of each chiral receptor. The data show that the Cu(II)

complexes of (R)-3.109 and (R)-3.115 prefer (L)- amino acids while (S)-3.104 prefers the

(D)- configuration. The colorimetric responses of an IDA involving (R)-3.115 and 3.40 to

each α-amino acid are shown in Figure 3.51. Because free 3.40 is yellow in color and

Cu(II)-bound 3.40 is blue, the ratio of bound to unbound indicator (which is inversely
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related to the stability of the amino acid-receptor complex) can be qualitatively assessed

by visual inspection. In general, all of the IDAs conformed to the relative chemoselective

ordering for complex stability of Trp > Phe > Leu ~ Val > Tle, which can be seen in

Figure 3.52E.152

Figure 3.52. Selected array response profiles. UV-vis spectra for indicator displacement
assays (IDAs) containing A. (R)-3.115 (35 mM), Cu(OTf)2 (157 µM), 3.39 (35 µM) and
Val (200 µM) B. (R)-3.109 (1.5 mM), Cu(OTf)2 (393 µM), 3.40 (18 µM) and Val (2.5 mM)
C. (R)-3.104 (960 µM), Cu(OTf)2 (197 µM), 3.9 (120 µM) and Val (2.5 mM). D. TMEDA
(4.5 mM), Cu(OTf)2 (200 µM), 3.40 (21 µM) and Val (200 µM). Spectra for (D)- and (L)-
enantiomers are represented as dashed and solid lines, respectively. E. Colorimetric
output for (R)-3.115 (35 mM), Cu(OTf)2 (235 µM), 3.40 [18 µM] and guest (200 µM). All
studies carried out in 1:1 MeOH:H2O, 50 mM HEPES buffer, pH = 7.8.
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Table 3.6. IDA conditions used for enantioselective sensor array

Each of the 21 absorbance spectra taken per amino acid was comprised of 90 data

points collected in 5 nm intervals from 350 nm to 800 nm. This implies that the response

of the array to each analyte may be represented as a (90 × 21) matrix of 1,890 variables,

among which diagnostic patterns must be identified. PCA is a chemometric pattern

recognition method that reduces the dimensionality of large datasets by expressing them

as a series of orthogonal eigenvectors (principle components, PCs) and associated

eigenvalues (scores).153 Often, nearly all of the data variance from a sensor array can be

expressed by three or fewer PCs, which facilitates graphical representation. To ascertain

the ability of our array to discern each of the analytes, PCA of the data was performed to

give the two-dimensional plot shown in Figure 3.53A.152 The tight clustering of

repetitious data relative to the separation of each of the amino acids demonstrates very

good spatial resolution. The aliphatic amino acids (Leu, Val, Tle), which vary only by

side-chain methylene groups, are clearly separated. Further, the greater enantioselectivity

observed for these analytes, which have lower overall receptor affinities, is likely a

Ensemble Ligand Indicator [Cu(OTf)2] (µM) [Amino Acid]
A (R)-3.115  (35 mM) 3.39  (35 µM) 235 150 µM
B (R)-3.115  (35 mM) 3.39  (75 µM) 157 133, 200 µM

C (R)-3.115  (35 mM) 3.40  (21 µM) 157 133, 200 µM
D (R)-3.109  (1.6 mM) 3.39  (75 µM) 205 1.7, 2.6 mM

E (R)-3.109  (1.1 mM) 3.40  (14 µM) 197 1, 2.5 mM

F (R)-3.109  (1.5 mM) 3.40  (18 µM) 393 1, 2.5 mM
G (R)-3.109  (1.6 mM) 3.9  (120 µM) 205 1.3, 2.5 mM
H (R)-3.104  (1.6 mM) 3.39  (75 mM) 205 1, 2.0 mM
I (R)-3.104  (1.2 mM) 3.40  (14 µM) 393 1, 2.5 mM
J (R)-3.104  (960 µM) 3.9  (120 µM) 197 1, 2.5 mM

K (R)-3.104  (800 µM) 3.40 (18 µM) 197 1, 2.5 mM
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manifestation of the reactivity-selectivity principle with regard to indicator displacement.

Importantly, within each enantiomeric subset, all of the analytes are chemoselectively

ordered along PC1, with scores inversely related to the sequence of affinities for receptor

complexes (Figure 3.52E). The chiral information is predominantly expressed along PC2,

with negative scores for (D)- amino acids and positive scores for (L)-amino acids.

Figure 3.53. Two dimensional PCA plots for enantioselective sensor array. PCA plots
for (D)- and (L)-amino acids prepared A. from data for all 21 enantioselective indicator
displacement assays (IDAs) B. from data for 8 IDAs selective for (D)- amino acids and
(C) from data for 13 IDAs selective for (L)-configuration.
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It was found that the orthogonality of enantioselective and chemoselective

variance observed in Figure 3.53A arises from the use of sensors with opposite

enantiomeric preferences. As mentioned, the chemoselective response for every sensor is

qualitatively constant, with all IDAs showing the largest response for Trp, and the

smallest for Tle. On the other hand, the enantioselective response varies depending on the

enantioselective receptor used, with IDAs involving (R)-3.115 and (R)-3.109 being more

responsive to (L)-amino acids and those involving (S)-3.104 being more responsive to

(D)- amino acids. Across the array, enantioselectivity varies independently of

chemoselectivity, and so PCA interprets each as a distinct component of variance. This is

clearly illustrated by splitting the dataset into two groups so that each group contains only

data from sensors of a single enantiomeric preference. When these divided data are

subjected to PCA independently, the resultant plots (Figures 3.53B and C) no longer

separate chemo- and enantiomeric information along two PC axes. Instead, only one

statistically relevant PC can be identified in each case, with analytes falling along this

dominant PC1 axis in the established chemoselective order and with enantioselective

sequence determined by receptor preference (i.e., preferred enantiomer assigned lower

PC1 score). This means that the same PC essentially describes both chiral and

chemoselective information, and hence the two chemically distinct characteristics are

mixed.

The ability of the sensor array to orient enantiomeric variance along PC2 (Figure

3.53A) draws analogy to the human taste response, which for the natural amino acids

studied, classifies tastants of (D)- configuration (negative PC2 score) as sweet and (L)-
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configuration (positive PC2 score) as bitter.148,149 This response capability arises from the

use of oppositely biased chiral receptors in the same array. It has been suggested that this

same strategy is operational in human chemosensory systems,154 and this notion has

recently gained support by the discovery that mammalian amino acid taste receptor

proteins do in fact respond with opposite senses of enantioselectivity.150 More broadly,

the present results show that by integrating oppositely biased enantioselective sensors

into a differential array, variance describing chirality may be effectively isolated from

chemoselectivity, and structurally similar and enantiomeric substrates may be

simultaneously distinguished.
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3.5 Preparation of a Coumarin-Derived Aldehyde for Detection of Chemical
Warfare Agents.

In addition to metal coordination, reversible imine-formation is of interest as an

associative interaction for aqueous supramolecular chemistry. Recently, Glass reported

the aldehyde-containing coumarin derivative 3.119 as a fluorogenic probe for α-amino

acids under physiological conditions.155 This LS chemosensor functions by reversible

imine formation with the analyte, which facilitates an intramolecular hydrogen-bond

between the iminium ion and coumarin carbonyl group. This results in an absorbance

modulation, which was used to induce a significant fluorescence enhancement in

response to amino acids (Scheme 3.21).  Despite a very low association constant (KGly = 4

M-1), the system is of interest by virtue of its novel signaling mechanism.

3.119

ON O

O

H3N O

O

ON O

N

O

O

H

Scheme 3.21. Coumarin-derived aldehyde 3.119 acts as a LS chemosensor for amino
acids by formation of iminium ion. The internal hydrogen-bond between the iminium
ion and the coumarin carbonyl group is responsible for the spectral modulation. 155

The Anslyn group has an ongoing program of research directed towards the

development of optical chemosensors for fluorophosphate analytes such as

diisopropylfluorophosphate (DFT, 3.120).156 These targets are of interest because of their

structural similarity to the deadly fluorophosphonate chemical warfare agents sarin
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(3.121) and somin (3.122). A fruitful strategy for the detection of these compounds has

involved the use of oximate moieties in the dual role of nucleophiles and PET donors.

Upon phosphorylation of the oximate group, the PET donation ability is diminished,

presumably as a result of stabilization of the HOMO. This may inhibit fluorescence

quenching of a proximal fluorophore by the oximate, thus leading to an off-on response to

the presence of the chemical warfare simulant. Because the aldehyde group may be

considered a synthon for the oximate group through the hydroxyl-amine condensation

transform, 3.119 may be readily converted into 3.123, which may function as a

fluorescent chemosensor for DFP and chemical warfare agents.
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3.120 3.121 3.122
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ON O

N

3.123

O

Scheme 3.22. Phosphorylation of oximate by chemical warfare simulant leads to
fluorescence enhancement. The oximate group can act as a PET quencher to a proximal
fluorophore. Upon phosphorylation, quenching is inhibited and a fluorescence signal may
be observed.
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The coumarin aldehyde was prepared according to literature precedent155 as

shown in Scheme 3.23. Condensation of malonic acid (3.123) with 2,4,6-trichlorophenol

(3.124) yields 3.125 (“magic malonate”),157 which is reacted with m e t a-

(diethylamino)phenol to give the 4-hydroxycoumarin 3.127.158 Chloro-formylation of

3.127 gives 3.128, which undergoes conjugate addition of nbutyl-cuprate with elimination

of chloride to give 3.119.155

i.
HO OH

OO ClCl

Cl

OH

OO
Cl

Cl

Cl

O

Cl

Cl

Cl

O

ii.

OH

N O ON

OH

iii.

O ON

Cl

O

3.124 3.125 3.126

3.127 3.128

3.126

3.129

+

O ON

Cl

O

3.129

iv.

ON O

O

3.119

Scheme 3.23. Synthesis coumarin-derived aldehyde 3.119. Reagents and conditions: (i.)
P(O)Cl3, 100 °C (ii.) PhMe, Δ (iii.) P(O)Cl3, DMF, 100 °C (iv.) nBuLi, CuI, THF, Et2O,
-78 °C.

The X-ray crystal structure of 3.119 was determined, and an ORTEP diagram is

shown in Figure 3.54. The aldehyde 3.119 was converted to the oximate 3.123 by a co-

worker via condensation with hydroxyl-amine followed by deprotonation. A co-worker

found the oximate 3.123 to undergo phosphorylation with DFP within milliseconds,
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giving a dramatic fluorescence enhancement. The rapid response of this system

represents a significant advantage over previously reported flourophosphate sensors.159,160

Figure 3.54. View of 3.119. Crystals were grown by a co-worker. Displacement
ellipsoids are scaled to 50 % probability and hydrogen atoms have been removed for
clarity.

V. M. Lynch
K. J. Wallace
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3.6 Experimental Details for Chapter 3

2.6.1 General Information

All reagents were obtained from commercial vendors and used without further

purification. Dichloromethane and triethylamine were distilled over CaH2 and used

immediately. Compounds (S)-3.62,101,102 (S)-3.63,101,102 (R)-3.72,105 (R)-3.73,106 (R)-3.74,108

(R)-3.96,120-122 (R)-3.115161 and 3.119155,157,158 were prepared in accordance with literature

precedent. A sample of (R)-3.115 was generously donated by Professor Jik Chin

(University of Toronto). A Varian Unity Plus 300 MHz spectrometer was used to obtain

1H and 13C NMR spectra, which are referenced to the solvent. A Finnigan VG analytical

ZAB2-E spectrometer was used to obtain high-resolution mass spectra.

Spectrophotometric titrations were performed at ambient temperatures. Deionized

water, spectrophotometric grade methanol, BHT-stabilized tetrahydrofuran and CH2Cl2

were thoroughly degassed by vigorously bubbling through with argon for 1 h prior to use

for preparation of solvent mixtures. UV/vis spectra were recorded on Beckman DU-640

and Bio-Tek Synergy HT spectrophotometers. Costar EIA/RIA polystyrene 96-well flat

bottom plates were employed for multi-well plate spectroscopy. All pH measurements

were made using an Orion 720A pH meter. Indicator displacement data was iteratively fit

to an indicator displacement model using the computer program Microsoft Origin 5.0.
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3.6.2 Synthesis

2,6-Bis-pyrrolidin-1-ylmethyl-pyridine (3.86): In a flame-dried, 25 mL round bottom

flask, 2,6-bis(bromomethyl)pyridine (1.05 g, 3.96 mmol) was dissolved in anhydrous

THF (4 mL) under an argon atmosphere. The solution was cooled to 0 °C prior to the

dropwise addition of pyrrolidine (4 mL) over a period of 10 min. The reaction was

allowed to warm to room temperature (25 °C) and was stirred vigorously for a period of

24 h. The reaction was then concentrated under reduced pressure to give a pale yellow

residue which was taken up in 75 mL CH2Cl2 and washed with 1 N NaOH (3 × 30 mL)

and brine (1 × 30 mL). The organic layer was then dried over MgSO4, filtered and

concentrated to a colorless oil. (0.929 g, 95% yield).)   1H NMR (CDCl3) δ 7.56 (t, J = 7.5

Hz, 1H), 7.23 (d, J = 7.5 Hz, 2H), 3.71 (s, 4H), 2.53-2.49(m, 8H), 1.75-1.70 (m, 8H); 13C

NMR (CDCl3) δ  158.7, 137.1, 121.3, 62.3, 54.4, 23.7; HRMS (CI, m/z) calcd for

C15H23N3: 246.19702, found: 246.19764.

2,6-Bis-({R,R}-2,5-dimethyl-pyrrolidin-1-ylmethyl)-pyridine ((S)-3.84): To a flame-

dried, 25 mL round bottom flask was added 2,6-bis(bromomethyl)pyridine (185 mg,

0.696 mmol) under an argon atmosphere. Anhydrous THF (1 mL) and triethylamine (352

mg, 3.48 mmol, 5 eq.) were then added via syringe and the solution was cooled in an ice

bath. The solution was cooled to 0 °C and (2R,5R)-(-)- trans-2,5-dimethylpyrrolidine

(145 mg, 1.46 mmol, 2.1 eq.) was added. The reaction was allowed to warm to room

temperature (25 °C) and was stirred vigorously for 24 h. Concentration under reduced
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pressure yielded a pale yellow residue which was taken up in 25 mL CH2Cl2, washed

with 1 N NaOH (3 × 20 mL) and brine (1 × 20 mL), dried over MgSO4, and filtered. The

solution was then concentrated to a colorless oil. (101 mg, 48% yield)  1H NMR

(CD3OD) δ 7.74 (t, J = 7.8 Hz, 1H), 7.45 (d, J = 7.8 Hz, 2H), 3.88 (q, J = 14.7 Hz, 4H),

3.18-3.10 (m, 4H), 2.14-2.01(m, 4H) 1.51-1.39 (m, 4H), 1.02(d, J = 6.3 Hz, 12H); 13C

NMR (CD3OD) δ 159.4, 137.3, 121.5, 56.1, 53.5, 30.7, 16.3; HRMS (CI, m/z) calcd for

C19H32N3: 302.25962, found: 302.26009.

2,6-Bis-({S,S}-2,5-bis-methoxymethyl-pyrrolidin-1-ylmethyl)-pyridine ((S)-3.85): To a

flame-dried, 25 mL round bottom flask was added 2,6-bis(bromomethyl)pyridine (145

mg, 0.541 mmol) under an argon atmosphere. Anhydrous THF (0.75 mL) and

triethylamine (275 mg, 2.71 mmol, 5 eq.) were then added via syringe and the solution

was cooled in an ice bath. The solution was cooled to 0 °C and (S, S)-(+)- trans-2,5-

Bis(methoxymethyl)pyrrolidine (180 mg, 1.13 mmol, 2.1 eq.) was added. The reaction

was allowed to warm to room temperature (25 °C) and was stirred vigorously for 24 h.

Concentration under reduced pressure yielded a pale yellow residue which was taken up

in 25 mL CH2Cl2, washed with 1 N NaOH (3 × 20 mL) and brine (1 × 20 mL), dried over

MgSO4, and filtered. Removal of solvent under reduced pressure gave a colorless oil.

(116 mg, 51% yield) 1H NMR (CD3CN) δ 7.68 (t, J = 7.5 Hz, 1H), 7.34 (d, J = 7.8 Hz,

2H), 4.06 (s, 4H), 3.37-3.25 (m, 24H), 2.02-1.90(m, 4H) 1.71-1.62 (m, 4H); 13C NMR
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(CD3CN) δ 161.1, 137.4, 121.1, 75.2, 61.7, 59.1, 55.4, 28.0, 16.3; HRMS (CI, m/z) calcd

for C23H40N3O4: 422.30188, found: 422.30231.

2,6-Bis-({2S,3R,4R,5S}-1-amino-3,4-dimethoxy-2,5-bis(methoxymethyl)pyrrolidine)-

pyridine ((R)-3.95): In a flame dried 25 mL round bottom flask, 614 mg (R)-3.96 (2.62

mmol, 2.2 eq.) and 198 mg 2,6-diacetylpyridine (1.21 mmol, 1 eq.) were dissolved in 2

mL absolute ethanol. The solution was refluxed for 1h and stored at – 4 °C for 2 h. After

this time, large yellow crystals had formed, which were washed with 2 mL chilled

ethanol. (562 mg, 78% yield) 1H NMR (CD3OD) δ 7.98 (d, J = 8.1 Hz, 2H), 7.73 (t, J =

8.1 Hz, 2H), 4.2-4.0 (m, 8H), 3.7-3.2 (m, 32H), 2.38 (s, 6H); 13C NMR (CD3OD) δ 158.2,

155.3, 136.1, 120.1, 84.0, 69.5, 64.1, 58.1, 58.0, 15.0; HRMS (CI, m/z) calcd for

C29H50N5O8 (MH+): 596.36594, found: 596.36720.

N,N'-Bis-(2,5-dimethoxy-benzyl)-cyclohexane-1,2-(S, S)-diamine ( (S)-3.104): To a

flame-dried 25 mL round bottom flask was added freshly distilled (S , S) -trans-

diaminocyclohexane (S)-3.106 (300 mg, 2.63 mmol) and 2,5-dimethoxybenzaldehyde

3.105 (835 mg, 5.03 mmol). These were dissolved in anhydrous MeOH (4 mL) and the

solution was stirred under an argon atmosphere for 18 h at room temperature. After this

time the solution was cooled to 0º C and NaBH4 (150 mg, 3.97 mmol) was added. After

stirring for 1h, a second portion of NaBH4 (150 mg) was added. The reaction was stirred

for an additional 1 h and concentrated under reduced pressure to give a white residue,

which was taken up in CH2Cl2 (100 mL) and washed with 1 M NaOH(aq) (2 × 50 mL). The
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organic phase was then extracted with 1 M HCl(aq) (5 × 50 mL). The pH of the combined

acidic aqueous phase was adjusted by the addition of concentrated NaOH until basic by

litmus and was extracted with CH2Cl2 (5 × 50 mL). The organic phase was then washed

with brine (100 mL), dried over Na2SO4, filtered and concentrated to a colorless oil.  (685

mg, 65 % yield) 1H NMR (CDCl3) δ 6.90 (d, J = 2.7 Hz, 2H), 6.73-6.71 (m, 4H), 3.87 (d,

J = 13.5 Hz 2H), 3.72 (s, 6H), 3.70 (s, 6H), 3.62 (d, J = 13.5 Hz 2H), 2.25 (d, J = 9.3 Hz,

2H), 2.13 (d, J = 13.8 Hz, 2H), 2.00 (b, 2H), 1.22 (t, J = 9.3 Hz, 2H), 1.07 (t, J = 9.3 Hz,

2H); 13C NMR (CDCl3) δ 153.7, 152.0, 130.6, 115.9, 112.2, 113.3, 61.1, 56.0, 55.9, 46.2,

31.7, 25.3; HRMS (CI, m/z) calcd for C24H35N2O4: 415.25968, found: 415.25965.

N,N'-Bis-(3,4,5-trimethoxy-benzyl)-cyclohexane-1,2-(S, S)-diamine ((S)-3.109): To a

flame-dried 25 mL round bottom flask was added freshly distilled (S , S) -trans-

diaminocyclohexane (S)-3.106 (344 mg, 3.01 mmol) and 3,4,5-dimethoxybenzaldehyde

(835 mg, 6.03 mmol). These were dissolved in anhydrous MeOH (2.5 mL) and the

solution was stirred under argon for 20 h at room temperature. After this time, NaBH4

(170 mg, 4.49 mmol) was added. After stirring for 1h, a second portion of NaBH4 (170

mg) was added. The reaction was stirred for an additional 1 h and concentrated under

reduced pressure to give a white residue, which was taken up in CH2Cl2 (100 mL) and

washed with 1 M NaOH(aq) (2 × 100 mL). The organic phase was then extracted with 1 M

HCl(aq) (5 × 50 mL). The pH of the combined acidic aqueous phase was adjusted by the

addition of concentrated NaOH until basic by litmus and was extracted with CH2Cl2 (5 ×

50 mL). The organic phase was then washed with brine (100 mL), dried over Na2SO4,
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filtered and concentrated to a colorless oil.  (1.174 g, 82 % yield) 1H NMR (CDCl3) δ

6.46 (s, 4H), 3.77 (d, J = 12.9 Hz 2H), 3.72 (s, 6H), 3.69 (s, 6H), 3.36 (d, J = 12.9 Hz

2H), 2.08-2.18 (m, 4H), 1.68 (d, J = 7.8 Hz, 2H), 1.17 (t, J = 10.5 Hz 2H), 1.01 (b, 2H);

13C NMR (CDCl3) δ 153.3, 136.9, 136.5, 105.2, 61.0, 56.1, 51.2, 31.3, 25.1; HRMS (CI,

m/z) calcd for C26H39N2O6: 475.28081, found: 475.28182.

N,N'-Bis-(2,6-dimethoxy-benzyl)-cyclohexane-1,2-(S, S)-diamine (S)-3.110: To a flame-

dried 25 mL round bottom flask was added freshly distilled (S , S )-t rans -

diaminocyclohexane (S)-3.106 (326 mg, 2.85 mmol) and 2,6-dimethoxybenzaldehyde

(950 mg, 5.72 mmol). These were dissolved in anhydrous MeOH (2.5 mL) and the

solution was stirred under an argon atmosphere for 20 h at room temperature. After this

time NaBH4 (160 mg, 4.23 mmol) was added. After stirring for 1h, a second portion of

NaBH4 (160 mg) was added. The reaction was stirred for an additional 1 h and

concentrated under reduced pressure to give a white residue, which was taken up in

CH2Cl2 (100 mL) and washed with 1 M NaOH(aq) (2 × 50 mL). The organic phase was

then extracted with 1 M HCl(aq) (5 × 50 mL). The pH of the combined acidic aqueous

phase was adjusted by the addition of concentrated NaOH until basic by litmus and was

extracted with CH2Cl2 (5 × 50 mL). The organic phase was then washed with brine (100

mL), dried over Na2SO4, filtered and concentrated to a colorless oil.  (922 mg, 78 %

yield) 1H NMR (CDCl3) δ 7.12 (t, J = 8.4 Hz, 2H), 6.47 (d, J = 8.4 Hz, 4H), 3.84 (d, J =

12 Hz 2H), 3.71 (d, J = 12 Hz 2H), 3.65 (s, 12H), 2.106-2.137 (m, 4H), 1.67 (d, J = 7.2

Hz, 2H), 1.009-1.212 (m, J 4H), 2.002 (b, 2H), 1.223 (t, J = 9.3 Hz, 2H), 1.073 (t, J = 9.3
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Hz, 2H); 13C NMR (CDCl3) δ 158.9, 128.2, 117.1, 103.8, 60.4, 55.7, 38.5, 31.2, 25.3;

HRMS (CI, m/z) calcd for C24H35N2O4: 415.25968, found: 415.25694.

N,N'-Bis-(2-methoxy-3,5-ditbutyl-benzyl)-cyclohexane-1,2-(S, S)-diamine ( (S)-3.111):

To a flame-dried 250 mL round bottom flask was added freshly distilled (S, S)-trans-

diaminocyclohexane (S )-3.106  (460 mg, 4.03 mmol) and 3,5-di-tert-butyl-2-

methoxybenzaldehyde (2.00 g, 8.06 mmol). These were dissolved in absolute EtOH (25

mL) and the solution was stirred under an argon atmosphere for 48 h at room

temperature. After this time NaBH4 (170 mg, 4.49 mmol) was added. After stirring for

1h, a second portion of NaBH4 (170 mg) was added. The reaction was stirred for an

additional 1 h and concentrated under reduced pressure to give a white residue, which

was taken up in CH2Cl2 (250 mL) and washed with 1 M NaOH(aq) (3 × 150 mL). The

organic phase was then extracted with 1 M HCl(aq) (5 × 100 mL). The pH of the combined

acidic aqueous phase was adjusted by the addition of concentrated NaOH until basic by

litmus and was extracted with CH2Cl2 (5 × 100 mL). The organic phase was then washed

with brine (250 mL), dried over Na2SO4, filtered and concentrated to a colorless oil.

(2.042 g, 88 % yield) 1H NMR (CDCl3) δ 7.25-7.26 (m, 4H), 4.03 (d, J = 12.9 Hz, 4H),

3.84 (s, 6H), 3.74 (d, J = 12.9 Hz, 4H), 2.06-2.20 (m, 4H), 1.91 (m, 2H), 1.44-1.76 (m,

10H), 1.42 (s, 18H), 1.33 (s, 18H); 13C NMR (CDCl3) δ 156.0, 145.8, 141.9, 133.5, 125.6,

123.1, 64.0, 62.1, 55.6, 47.0, 36.2, 35.5, 34.7; 31.8, 31.4; 35.5; HRMS (CI, m/z) calcd for

C38H63N2O2: 579.4890, found: 579.4885.
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N,N'-Bis-(2,5-dimethoxy-benzyl)-1,2-diphenyl-ethane-1,2-(R, R)-diamine ((R)-3.113):

To a flame-dried 50 mL round bottom flask was added freshly distilled (R, R)-1,2-

diphenylethylenediamine (R)-3.82 (200 mg, 942 µmol) and 2,5-dimethoxybenzaldehyde

3.105 (313 mg, 1.88 mmol). These were dissolved in anhydrous THF (20 mL) and the

solution was stirred under an argon atmosphere for 72 h at room temperature. After this

time NaBH4 (250 mg, 4.49 mmol) was added, and the reaction was stirred for an

additional 24 h. The reaction was then concentrated under reduced pressure to give a

white residue, which was taken up in Et2O (250 mL) and washed with 1 M NaOH(aq) (3 ×

150 mL). The organic phase was then extracted with 1 M HCl(aq) (4 × 75 mL). The pH of

the combined acidic aqueous phase was adjusted by the addition of concentrated NaOH

until basic by litmus and was extracted with Et2O (3 × 75 mL). This partitioning process

was repeated once more, and the organic phase was then washed with brine (100 mL),

dried over Na2SO4, filtered and concentrated to a colorless oil.  (295 mg, 31 % yield) 1H

NMR (CDCl3) δ 7.11-7.20 (m, 10H), 6.72-6.76 (m, 6H), 3.83 (d, J = 13.5 Hz, 2H), 3.69-

3.74 (m, 8H), 3.63 (s, 6H), 3.44 (d, J = 13.5 Hz, 2H); 13C NMR (CDCl3) δ 153.6, 152.1,

141.4, 129.9, 128.3, 128.1, 127.0, 116.2, 112.4, 111.2, 68.6, 56.0, 55.9 47.4; HRMS (CI,

m/z) calcd for C32H27N2O4: 513.2753, found: 513.2753.
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3.6.3 Crystal Structure Determination

Crystals of 3.59 were obtained by the following procedure. To a 25 mL RBF was added

(S)-3.52 (29.4 mg, 100 µmol), Cu(OTf)2 (36.2 mg, 100 µmol) and the solution was stirred

vigorously for 2 h under argon to give a slightly cloudy, green solution.  D-3.58 (17.8 mg,

100 µmol) was then added and the over molecular sieves for another hour and filtered.

Slow evaporation under argon yielded blue-green crystals suitable for X-ray. Crystals of

3.90, (S)-3.88 and (S)-3.89 suitable for X-ray crystallography were grown by slow

evaporation from solutions prepared by the following method. To a small vial was added

100 µL of a 50 mM ligand solution in MeOH followed by 32 µL of a 150 mM solution of

Cu(OTf)2 in MeOH and 5 µL of a 1 M solution of NaCl in H2O. Crystals of (R)-3.93 were

obtained by adding 20 µL of a 250 mM aqueous ZnCl2 solution to 100 µL of a 50 mM

methanolic solution of (R)-3.95 and allowing for slow evaporation.

The data were collected by Dr. Vincent Lynch on a Nonius Kappa CCD

diffractometer using a graphite monochromator with MoKα radiation (λ = 0.71073Å) an

Oxford Cryostream low temperature device.  Details of crystal data, data collection and

structure refinement are listed in Tables 3.7 and 3.8.  Data reduction were performed

using DENZO-SMN.  The structures were solved by direct methods using SIR97 and

refined by full-matrix least-squares on F2 with anisotropic displacement parameters for

the non-H atoms using SHELXL-97.  The hydrogen atoms on carbon were calculated in

ideal positions with isotropic displacement parameters set to 1.2xUeq of the attached

atom (1.5xUeq for methyl hydrogen atoms). Neutral atom scattering factors and values

used to calculate the linear absorption coefficient are from the International Tables for X-
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ray Crystallography (1992).  Figures were generated using MacPyMOL version 0.98,

Mercury 1.4.1 and  SHELXTL/PC.

Table 3.7 Details for X-Ray Diffraction analyses of 3.59, 3.90, (S)-3.88, (S)-3.89, (R)-
3.95.

3.59 3.90 (S)-3.88 (S)-3.89 (R)-3.95
Empirical formula C52H80Cl4Cu4F12N4O28S4 C16H23ClCuF3N3O3S C20H31ClCuF3N3O3S C24H39ClCuF3N3O7S C29H49 N5 O8

Formula weight 1961.40 493.42 549.53 669.63 595.73
Temperature (K) 153(2) K 223(2) 153(2) 153(2) 153(2)
Wavelength (Å) 0.71073 Å 0.71073 0.71073 0.71073 0.71073
Crystal system Monoclinic Orthorhombic Orthorhombic Monoclinic Monoclinic
Space group P21 P212121 P212121 P21 P21
a (Å) 17.2773(3) Å 9.3120(7) 9.2758(1) 8.0675(2) 11.2864(1)
b (Å) 12.0982(2) Å 10.6164(9) 11.5717(2) 22.4789(6) 13.3951(2)
c (Å) 19.4288(4) Å 20.251(2) 21.9021(4) 8.2354(2) 12.0650(2)
α 90° 90° 90° 90° 90°
β 100.8830(10)° 90° 90° 104.800(2)° 115.920(1)°
γ 90° 90° 90° 90° 90°.
Volume (Å3) 3988.05(13) 2002.0(3) 2350.90(6) 1443.93(6) 1640.53(4)
Z 2 4 4 2 2
Density (calculated)
(Mg/m3)

1.633 1.637 1.553 1.540 1.206

Absorption coefficient (mm-

1)
1.395 1.378 1.183 0.988 0.088

F(000) 2000 1012 1140 698 644
Crystal size (mm) 0.50 x 0.38 x 0.25 0.34 x 0.07 x 0.04 0.43 x 0.22 x 0.04 0.21 x 0.13 x 0.10 0.35 x 0.35 x 0.16
Theta range for data
collection

2.93 to 27.48° 2.91 to 25.00° 2.96 to 27.48° 3.14 to 27.46° 3.29 to 27.48°

Index ranges -22<=h<=22, -
15<=k<=14, -

25<=l<=25

-10<=h<=10, -
12<=k<=12, -

23<=l<=23

-12<=h<=12, -
14<=k<=14, -

28<=l<=28

-10<=h<=10, -
29<=k<=27, -

10<=l<=10

-14<=h<=14, -
17<=k<=17, -

15<=l<=15
Reflections collected 17663 3382 5331 6151 7466
Independent reflections 17663 [R(int) = 0.0000] 3382 [R(int) = 0.0000] 5331 6151 7466
Completeness to theta =
25.00°

99.5 % 98.0 % 99.6 % 98.6 % 99.7 %

Absorption correction None None None None None
Refinement method Full-matrix least-

squares on F2
Full-matrix least-

squares on F2
Full-matrix least-

squares on F2
Full-matrix least-

squares on F2
Full-matrix least-

squares on F2

Data / restraints / parameters 17663 / 649 / 975 3382 / 0 / 254 5331 / 0 / 291 6151 / 1 / 363 7466 / 1 / 380

Goodness-of-fit on F2 1.025 1.083 1.039 1.036 1.092

Final R indices
[I>2sigma(I)]

R1 = 0.0484, wR2 =
0.0956

R1 = 0.0639, wR2 =
0.0935

R1 = 0.0388, wR2 =
0.0676

R1 = 0.0453, wR2 =
0.0706

R1 = 0.0467, wR2 =
0.1047

R indices (all data) R1 = 0.0779, wR2 =
0.1097

R1 = 0.1340, wR2 =
0.1132

R1 = 0.0660, wR2 =
0.0751

R1 = 0.0949, wR2 =
0.0839

R1 = 0.0708, wR2 =
0.1152

Absolute structure
parameter

0.000(10) 0.22(3) 0.018(12) 0.007(13) -0.1(9)

Largest diff. peak and hole 0.713 and -0.676 e.Å-3
0.412 and -0.354 e.Å-3 0.395 and -0.736 e.Å-3 0.506 and -0.871 e.Å-3 0.274 and -0.261 e.Å-3
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Table 3.8 Details for X-Ray Diffraction analyses (R)-3.93, (S)-3.107:D-Phe, (S)-3.107:L-
Val, 3.119.

(R)-3.93 (S)-3.107:D-Phe (S)-3.107:L-Val 3.119
Empirical formula C30H53Cl2N5O9 Zn C100H136Cu2F12N8O28S4 C30H44CuF3N3O9S C18H23NO3

Formula weight 764.04 2381.49 743.28 301.37
Temperature (K) 153(2) 153(2) K 153(2) K 153(2)
Wavelength (Å) 0.71073 0.71073 0.71073 0.71073
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Space group P21 P21 P21 P21/c
a (Å) 8.56130(10) 14.2394(4) 9.4099(7) 7.4657(2)
b (Å) 15.8037(3) 31.381(2) 12.5203(9) 16.7004(4)
c (Å) 14.2822(2)           14.2878(7) 29.368(2) 13.1967(3)
α 90° 90° 90° 90°
β 93.4890(10)° 118.214(2)° 94.817(3)° 104.2540(10)°
γ 90° 90° 90° 90°
Volume (Å3) 1928.80(5) 5625.9(5) 3447.8(4) 1594.71(7)
Z 2 2 4 4
Density (calculated)
(Mg/m3)

1.316 1.406 1.432 1.255

Absorption coefficient (mm-

1)
0.828 0.548 0.765 0.085

F(000) 808 2492 1556 648
Crystal size (mm) 0.47 x 0.29 x 0.20 0.30 x 0.27 x 0.12 0.36 x 0.10 x 0.06 0.32 x 0.27 x 0.22
Theta range for data
collection

2.95 to 27.48° 2.93 to 24.93°. 2.09 to 25.00°. 2.91 to 27.49°

Index ranges -11<=h<=11, -
20<=k<=20, -

18<=l<=18

-16<=h<=16, -
37<=k<=34, -

16<=l<=16

-11<=h<=11, -
14<=k<=14, -5<=l<=34

-9<=h<=9, -
21<=k<=21, -

17<=l<=17
Reflections collected 8200 13123 8265 6379
Independent reflections 8200 13123 8265 3654 [R(int) = 0.0429]
Completeness to theta =
25.00°

98.8 % 87.8 % 88.3 % 99.6 %

Absorption correction None None Semi-empirical from
equivalents

None

Refinement method Full-matrix least-

squares on F2
Full-matrix least-

squares on F2
Full-matrix least-

squares on F2
Full-matrix least-

squares on F2

Data / restraints / parameters 8200 / 25 / 443 13123 / 1027 / 1333 8268 / 7 / 855 3654 / 0 / 200

Goodness-of-fit on F2 1.133 1.337 1.294 1.031

Final R indices
[I>2sigma(I)]

R1 = 0.0499, wR2 =
0.1137

R1 = 0.1046, wR2 =
0.1563

R1 = 0.0774, wR2 =
0.1169

R1 = 0.0514, wR2 =
0.1068

R indices (all data) R1 = 0.0723, wR2 =
0.1223

R1 = 0.2300, wR2 =
0.1772

R1 = 0.1380, wR2 =
0.1336

R1 = 0.1255, wR2 =
0.1279

Absolute structure
parameter

0.00(1) -0.01(2) 0.00(2) -

Largest diff. peak and hole 0.581and -0.335e.Å-3 0.571 and -0.425 e.Å-3 0.722 and -0.869 e.Å-3 0.262 and -0.246 e.Å-3
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